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SUMMARY 

A Svedberg rotor and an optical system, includlns a quartz 

spectrograph, have been constructed for use w1 th an electrically driven 

u1 tracentr1fuge. 

An electronic speed control allows acceleration of the rotor 

to a predetermined speed and maintains the speed constant to within 

0.1~ 

A value obtained for the sedimentation constant of egg 

albumin, 3.8 x lo-13 , shows agreement with the a.ccepted va.lue, 

3.55 x lo-13. 

Preliminary experiments with 0.25~ soap solutions reveal 

a slight sedimentation inward toward the meniscus in a centrifugal. 

field of 150,000 g. 

The weight-optica~ a.verage particle ra.dii of T,pes II and 

V G.R-S synthetic rubber latices are found, by sedimentation velocity 

mea.suremente in a field of 1960 g, to be 590 A 0 and 940 A 0 , respect! vely. 
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I. INTRODUCTION 

(a) Historical 

The method ot separating substances by centrifuging is 

so ancient that its origin is unrecorded. In recent years, its use 

has become more widespread until, today, centrifuges are employed 

in many industries and in most laboratories. However, the develop-

ment ot the technique ot employing very high centrifugal fields tor 

the measurement ot particle sizes has taken place since 1923. 

The measurement ot the sedimentation velocity ot particles 

1 
in a tluid under the influence ot gravity by Perrin • bas yielded 

infor.mation about particle sizes. HOwever, the applioation ot the 

method is limited to particles ot high density by the weakness ot 

the earth's g~vitational tield. For the investigation ot colloids 

and high molecular weight substances, much higher fields obYiously 

were necessary. 

2 
Dumansky, in 1913, attempted to measure plrticle sizes 

by rotating solutions in ordinary laboratory centrifuges. The re-

sults obtained were in disagreement with ultramicroscopic values; 

the discrepancies are now known to be due to temperature gradients 

in the solutions. 

3 
Svedberg and Rinde, in 1923, decided tram optical measure-

menta on a gold colloid sed~enting in the gravitational tield, that 

the size distribution ot smaller colloidal particles might be 



obtained trom optioal measurements on a rotating sample, it the 

latter could be maintained at a constant temperature. 

4 
Studies by Svedberg, Nichols and Rinde revealed tbat, 

2 

tor convection-tree sedimentation, the sample must be sector-shaped, 

small and completely enclosed. It must rotate in a friction-tree 

medium and heat from the bearings must be removed. They obtained 

convection-free sedimentation in fields of 5000 ~times gravit7 (5000g) 

and proposed the name "ultracentrituge" tor the new research tool. 

Since 1923, the work ot Svedberg and his students bas pro-

ceeded in two directions. One bas led to the develoiJD.ent ot a 

stable, low-speed, electrically-driven ultracentrifuge with ball 

bearings, whose principal use is in sedimentation equilibrium 

measurements. The other has led to the production ot very high 

centrifugal tields, suitable tor sed~entation velocity measure-

menta ot high-molecular substances such as proteins. 

These high fields are achieved in the "oil-turbine ultra-

centrifUge", a machine ot marvellous design, in which a chrome-nickel 

steel rotor is supported in horizon tal bearings and is spun by twin 

oil-turbines, one on each end o:r the shaft. The rotor is shaped tor 

maximum rotational speed and carries a cell with transparent quartz 

windows. It rotates in an atmosphere of hydrogen, which has a low 

viscosity and high heat conductivity. A he&'YJ' steel casing surroun-

ding tbe rotor is held at a constant temperature by circulating water. 

With rotors having a cell radius ot 6.5 cm. 1 the rotational 
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speed •s increased progress! vely to 7'1 ,ooo RRd, at which the cen-

tritugal field in the cell was 400,000 g. At greater speeds, the 

rotor material tailed. Using smaller rotors, and finally with a 

cell radius ot 3.2 cm., usable fields ot 750,000 g. were produced 

at 148,000 RRd. 

Another approach to the problem of producing high centri-

tugal fields has generated the air-driven ultraoentrituge. In 1925 
6 

Hanriot and Huguenard constructed a centrituge ot the spinning-top 

type, which was driven and supported by air jets. In its original 

tom, the rotor bad to be small tor high speed operation and it did 

not seam useful tor measurements. The rotor tumed in air at atmos-

pherio pressure; temperature control was difficult and high driving 

pressures were required tor high rotational speeds. 

7-10 
The air-driven centrifuge has been developed by J. w. Beams 

and his eo-workers, with a view to overcoming the difficulties men-

tioned above. The final result is tbe vacuum-type air-driven centri-

tuge which bas a large rotor situated inside an evacuated chamber, 

driven and supported by an air turbine located above the chamber. 

The rotor and turbine are connected by a flexible shaft which passes 

through a vacuum-tight oil bearing. The rotor seeks its own axis 

ot rotation, owing to the flexibility ot the sba:rt and is thus selt-

balancing. Convection-tree sed~entation in a large rotor can be 

readily attained. Baverse jets on the turbine pe~it ~pid decele~tion. 

11-15 
Mention must be made ot the work ot McBain and his colleagues 



in the development of the directly air-driven top as an ultracentri~ 

tuge. 

The control ot rotational speed was ditticul t w1 th the air-

driven centrifuges. In ultracentrifuge measureme.nts, a constant, 

16-1.8 
known speed is essential. Beams and eo-workers have developed the 

electrically-driven vacuum ultracentrituge, in which the air turbine 

is replaced by a small electric motor. Tbe motor, usually an induc~ 

tion type, is driven by high frequency alternating currents and can 

be controlled accurately in speed. The air bearing support ot the 

air turbine is replaced by a magnetic support consisting ot a solenoid 

lifting upward on an extension of the rotating motor armature. The 

magnetic support permits rotational speeds as high as those with tbe 

air .. bearing support. In the latest model ot the electrically-driven 

18 
ultracentrituge, as developed by Skarstrom and Beams, an electronic 

speed control pe~its very great constancy ot speed to be attained. 

(b) Previous Work at McGill University 

In 1937, Professor 1. s. Foster and Dr. D. Sbugar be88n 

the construction ot a high-speed vacuum centrifuge. There were 

built a substantial vacuum obamber, a vacuum system, a quantity 

rotor and a Svedberg rotor similar to those described by Bauer and 

19,20 20 
Pickels, and two cells tor the Svedberg rotor. Several types ot 

20 
air turbine drivew, similar to those described by Bauer and P1okela 

21 
and by Pickels, were tried. Rotational speeds ot 18,000 BB! with 

the quantity rotor and 30,000 RHJI with the Svedberg rotor were 
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reached in 1940. The probable sate maximum speeds are 30,000 Ra1 

and 60,000 RPM, respectively, tor these rotors. They were not at-

tained because ot the limited capacity ot the available air compressor. 

1'1 
J\n electric drive, ot a type described by Beams and Black was part1all.7 

completed when the details of a more satisfactory electric drive, tbat 

18 
ot Skarstrom and Beams were received. 

Dr. 4. B. Rotenberg was assigned the problem ot assembling 

the later electric drive and completed the work in August ot 1941. 

-+he 
During early trials wi th,,new nachine, a drive shaft became fatigued 

and broke, as a result of excessive preeessional vibrations, when 

the Svedberg rotor was turning at 10 ,ooo RPM. The rotor was damaged 

beyond repair and could not be replaced • owing to the unavailability" 

ot du:ralumin rotor material. Experiments were continued w1 th the 

quantity rotor and eventuallYt when a satisfactory standard of per-

tormance ot the machine was attained, the latter was applied in 

making an equilibrium measurement or the molecular weight ot lignin 

and in testing the effect of high centrifugal fields on two types 

ot plant cells. 

During the later war years, the ultracentrifuge was not 

used. In late 1946, Professor Foster suggested tbat the writer 

recondition the machine and apply it to a suitable problem. 

Since then, two new Svedberg rotors have been nade, the 

optical system baa been built, the vacuum system rebuilt, the speed 

control added and other changes enumerated below have been incorpo-

rated into the apparatlUI. Finally, the experimental work described 

below bas been performed. 



II. THE CONSTRUCTION OF THE ULTRACENTRIFUGE 

The ultracentrifuge is essentially similar to tbat of 

18 
Skarstram and B~s, although it difters in many details. It is 

illustrated in Figure 1, a scale drawing, in section and in Photo-

6 

graphs 1-4. The letters used in the description below refer to the 

scale drawing. Since the construction is described in considerable 

23 
detail by Rotenberg, only the principal features will be mentioned 

below. 

{~a.) The Rotating System 

This consists of the armature and sbatt assembly (parts 

s1 , Q,, T, A, D, s2) and the rotor R. The support core T, the motor 

armature A and parts Q, and D are made of cold-rolled steel; whereas 

the upper and lower shafts s1 and s2 are stainless steel tubes, 1/8" 

in outer diameter. 

The lower sbatt s 2, fitted tightly into D, is secured by 

a pin, which is drilled through to leave an unobstructed hole in 

the drivesbatt; the pin is necessary tor sate support ot the weight 

ot the rotor. Cooling water flows through the hole in the annature 

and shatts, while they are rotating, and escapes through a small 

A light and flexible sbatt allows the rotor to select ita 

own axis ot rotation, and obviates the necessity of caretul dynamic 

balancing or the latter. However, care must be taken in machining 



CROSS~SECTION OF THE ULTRACENTRIFUGE, TO SCALE 

FIGURE 1 
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., 
tb& rotor to prevent the drive sha:tt, s2, from being unduly fatigued 

by vibration. 

The rotor is ot the Svedberg type and is similar to that 

shown by Skarstrom and Beaml8 , with the addition of cell holes. It 

was machined from a solid block of torged duralumin 75ST, supplied 

by the Aluminium Company ot Canada. This material combines a high 

maximum tensile strength, about 821000 lba. per square inch, with a 

low density, 2.7 g~ per cubic cent~eter. The specific tensile 

strength, the ratio ot these two quantities, is a figure ot merit 

ot a given material for use in centrituge rotors; dure.lumin 75 gr 

has a greater figure than the best steels, as used by Svedberg. 

The material is soft and easily machined and requires no heat treat-

ment after the rotor is completed. 

The rotor bas two holes, to accamnoda te the cell and 1 ts 

counterbalance, placed directly opposite one another with centres 

at a radius or 5.8 cm. from the axis. The present model, which 

was machined by Mr. J. A. Masse and the writer, was preceded by an 

earlier Svedberg rotor, similar to that described by Bauer and 

20 
Pickels. The latter was made lighter by the removal ot excess 

material at regions on the periphery away from the cell holes; this 

process rendered it capable of rotating safely at speeds up to at 

least 1000 revolutions per second, ~ reducing the asymmetry ot 

stresses set up in the introduction of eell boles. 

Unfortunately, the earlier rotor was badly smashed when, 
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during the acceleration period prior to a run th 1 , e ower shatt trac .. 

tured at the water outlet hole, while the speed ot rotation was 600 

revolutions per second. 

The excess material was not removed trom the present rotor, 

with a view to shortening the time ot machining. 

The rotor chuck, C, clamps the rotor firmly and centrally 

to the driveshatt. 

(b) The Bearings and the Lubrication System. 

The bearings B1, B2 and B3 are similar to those used by 

18 
Skarstrom and Beams. Made ot brass, each bearing has two babbitt 

inserts which are drilled axially and reamed carefully until the 

shaft slides into them without forcing. The upper and lower inserts 

are threaded right-banded and left-handed, respectively, in order 

that the sbatts, which always rotate in a olockwise direction viewed 

trom above, tend to tighten the inserts. A small hole in the side 

ot each bearing acts as an inlet for the lubricating oil. The 

bearings are clamped in position between neoprene washers, which 

seal them against oil leakage and provide a somewhat flexible mounting. 

Two lower bearings, B2 and B3,are necessary to allow cooling 

water to escape from the rotating system through the outlet tube, 01. 

Bearing B3 forms a vacuum seal where the drive shaft enters the vacuum 

cb!mber. 

Tbe bearings are lubricated by Hyvac pump oil, a low vapor 

pressure oil forced in, under pressure from a reservoir, at oil in-



lets I and ;r. For continuous lubrication, oil must leak from the 

outer ends ot the babbitts. The writer round it necessary to add 

collectors tor the oil escaping from the lower babbitt of a
1

• the 

upper babbitt of B2, and the lower babbitt of B3• Those for the 

latter two bearings are shown in Figure 1. The oil collector o
2 

tor B3 is essential to prevent oil tram reaching the rotor cell 

9 

hole. Properly fitting bearings experience a leakage ot about 2 c.c. 

per hour from each babbitt. 

(c) The Magnetic Support 

The solenoid M carries most of the weight of the rotating 

system by lifting on the support core T; the remainder of the weight 

is exerted by D on the upper babbitt of B2• The solenoid pole piece 

is symmetrical about T; hence there is little drag on T due to eddy 

currents. The solenoid winding, which is encased in steel, is ener-

gized by two six-volt sto~ge batteries in series. A series adjus­

ting rheostat and an ammeter, both mounted on the control p1nel, 

pe~t setting the current to the required value. The writer found 

it necessary to "tloat• the batteries on the 110-volt n.c. line, 

with a series charging resistor, in order to prevent the solenoid 

current trom decreasing during a run. In operation, the solenoid 

began to raise the rotating system with a current of 2.45 amperes. 

(d) The Induction Motor 

The laminated stator has tour salient poles on which the 

stator coils are wound. A hole in the stator at a distance ot 5.8 cm. 



trom the axis ot rotation, allows light from the optical system to 

pass. The stator rests on three brass rods (not shown), which are 

10 

screwea into the lid, L, or the vacuum chamber. Electrical connec­

tions to the motor are described below. 

(e) The Vacuwn System 

Tanpere.ture gradients in the rotor must be avoided tor co.n­

vection-free sedimentation. The heat produced by friction of the 

rotor with a surrounding a1mosphere may be eliminated by spinning 

the rotor in a high vacuum or in an atmosphere of h7drogen at 2 mm. 

pressure. The latter method is employed by Svedberg in the oil-

turbine ultracentrifuge; the tonner is used in the McGill machine. 

The vanadium steel vacuum chamber, V, is stoutly constructed 

and is more than ample for the protection of the operator in case the 

rotor explodes or a drive-shaft breaks. Rectangular holes, cut in 

the clamber lid, L, and in the bott<Jn or the chamber are covered by 

the window supports, N1 and N2,o:t the optical system. A rubber 

gasket, 3/16• in thickness, titted into an annular groove in the 

chamber lid, :toms a vacumn seal when the lid is bolted to the cham­

ber. Three stout, short legs, cast as part of the vacuum chamber, 

tit into short lengths or iron pipe. The latter are imbedded in a 

large block of concrete, built up tram the floor ot the room. 

Rubber washers, placed between the chamber legs and the pipes, serve 

to minimize the transmission ot vibrations trom the vacuum chamber 

to the floor, and thus to prevent vibration ot the optical system. 
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The hole, U, in the bottom of the chamber, lea.ds to the 

vacuum system. A Distilla.tion Products oil diffusion pump of metal 

construction has been added to the original va.cuum system, which 

consisted of a Cenco Mega.va.c rotary pump and a McLeod gauge. In ad­

dition, the tube connecting the vacuum pumps to the chamber has been 

enlarged in diameter and reduced 1n length to increase 1 ts pumping 

speed a.s much as feasible,, The Megava.c pump a,lone produces a vacuum 

of 20 microns; the diffusion pump with a ra.ted pun1ping speed of 10 

litres per second, low·era the pressure to a value below· one micron, 

which is the lower limit of the McLeod gauge range. In operation, 

the friction ca.used by this va.cuum produces a negligible tempera.tqre 

rise in the rotor, even after several hours at a high rotational speed. 

(f) Vibration Damping 

The damping bearing, W and Y, modelled after that of Skar­

strom and Beamsl8, damps precessional vibrations of the rotor, which 

occur a.t various frequencies in the range from 6,000 RPM to 15,000 RPM. 

The bearing consists of an upper brass piece, W, which slides very 

freely on a firm brass base, Y. The spindle, z, in the bottom stem 

of the rotor, projects into a. hole in W and is centred in the latter 

by a leather washer, in which it can turn freely. A conical opening 

in the upper aurfa.ce of W facilitates the entry of Z. Three springs, 

atta.ched to y, hold W in firm conta et. The inertia. of the system 

restricts the movement of the bottom et em of the rotor, and hence 

damps the intensity of preoessional vibrations. 



DRIVE CIRCUIT AND SLIP SPEED CONTROL 

FIGURE 2 
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(g) The Electric Drive Circuits 

The motor is driven by two phase alternating currents, ob­

tained from an audio frequency genel'fl tor w1 th a power output ot one 

kilowatt. The circuits, shown in Figure 2, are as built by Rotenberg, 

except tor the addition by the writer of the 6L7 Control tube and the 

Slip Speed Control, as described below. 

(1) ~ Audio Oscillator and Driver Stages: 

A t:ransiti'On osoillato~~ using a 6SJ"'I tube, is the audio 

frequency source. A delayed autcmatic volume control circuit, em-

ploying one 6·H6 diode, prevents line voltage chs.nges tram altering 

the amplitude ot the oscillator output voltage. A parallel resonant 

circuit, connected to the oscillator screen, consisting ot c1 and 

its associated inductance, deter.mihes the frequency ot oscillation. 

The size ot C1 is al tared in discrete steps by switching to provide 

twenty frequencies in the range tram 430 to 1890 cycles per second. 

The oscillator output is 3 Yol ts 1115 thrOughout the frequency range. 

'l'be 6L7 Volume Control tube pertorms as a voltage amplifier 

tor the oscillator output voltage and, in addition, as a control tube. 

The control function is described below. Manual control ot gain is 

obtained with the potentiameter labelled ~ater Volume Control". 

The 6L7 output is coupled to a conventional 605 voltage 

amplifier which is • in turn, tranatdrmer--coupled to two push-pull 

6lO's operating in class AB1 as the driver stage. The 34 watt output 

ot the latter drives the grids ot the final amplifier. 



All ot these circuits are mounted on a small chassis, 

~1s1ble in Photograph 2, on the top ot the control table. 

The low voltage power supply tor this unit, illustrated 

in Figure 3, is entirely conventiohal. 

(ii) The Power Stage and the Motor: 

The power stage must produce one kilowatt of audio power, 

it the acceleration time ot the usual rotor is to be less than 30 

13 

minutes. This corresponds to a motor torque ot 600 gm.-cm. In this 

stage, eight 805 triodes are employed in push-pull parallel, class B. 

At a plate voltage ot 1250, their maximum· rated output is 1200 watts. 

The final output tre.nsfomer couples the power tubes to 

the motor circuit. Depending on the frequency, the latter represents 

a load impedance in the range from 10 obms to 2.5 obms, which is 

matched to power stage by means or taps on the output transtomer 

secondary. 

The single phase output of the final stage is converted 

to two phases by the phase shitting condensers c2 and c3• The tour 

windings ot the motor are connected as two pairs to the two phases. 

The members of a pair are located opposite one another and are joined 

in series or in parallel, depending upon the impedance desired. The 

motor stator produces a rotating magnetic field through the tuning 

ot one pair of stator coils above resonance with c2 and the other 

below resonance with C3, in such a way that the two currents are 

90 degrees out ot phase. c2 and 03 consist ot banks or condensers 

whose members are selected, as desired, by switches. 
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The opttmwm output transto~er connections, phase shitt1ng 

condenser values and motor connections, are tabulated tor all ot the 

23 available drive frequencies by Rotenberg. 

Two sets or switches, inst•lled by Mr. J. Alex. Carruthers, 

tacilitate the changing of motor atator connections and output trans-

fo~er secondary connections 1n the event ot a change ot drive tre-

quency. 

The ultracentrifuge motor is not synchronous; a ttslip" ot 

the armature with respect to the drive frequency always occurs. The 

difference in frequency is known as the "slip speed". At a given 

drive~ frequency, the power required to turn the rotor increases as 
18 

the slip speed decreases, hence there is no possibility ot the 

•running away", it the drive frequency is set at a safe value. 

A reversing switch, shown in Figure 2, changes the direc-

tion ot motor torque, tor rapid deceleration of the rotor at the con-

elusion ot a run. 

The high voltage supply tor the power stage, illustrated 

in Figure 3, is conventional, except tor the overload relay in the 

tre.nstonner primary oircui t, which is set to trip at a slightly 

excessive load current. The supply delivers to the power stage 1.5 

amperes at 1200 volts, under which conditions, the power output is 

one kilowatt. The plate c11rrent to the power stage is metered on 

the control panel, illustrated in Photograph 2. 
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II I • THE SLIP SPEED CONTROL 

The slip speed control, built by the writer, is similar to 

but modified from tbat of Skarstrom and Beams18, and is illustrated 

in FigUre 2. It is actuated by a voltage fl'Oltl the pick-up coil p 
' 2 

of FigUre l, placed about part D ot the rotating assembly. The pick-

up coil consists of 800 turns of No. 30 enamelled copper wire, wound 

on a brass spool. The latter is surrounded on top and on the sides 

by an iron sheath with 1/16" walls. The hole in the shield lid, 

through whi eh the D passes, has the shape shown in Figure 7. In D 

at the height or the shield lid is a groove 3/32" Wide, e%tending 

balt-way- around the shatt. The hole in the lid and the groove in 

the rotating sbatt combine to modulate at the rotation frequency, 

the lines ot force which pass axially along the shatt through ths 

pick-up coil. 

In the piak .. up coil is induced a voltage baving a component 

at the drive frequency as well as a component at tbe rotation trequenay. 

The changing magnetic tield of the motor stat.er coils produces the 

tor.mer; whereas interruption of the D.c. field of the supporting sole-

noid produces the latter. From this voltage, the difference frequency 

ot these two components, or the slip frequency, may be produced by 

demodulation. 

Tbe pick-up coil voltage is applied to the input of a con­

ventional audio amplifier consisting of two well-decoupled stages 

using 6SJ'7 and 605 tubes. The 6C5 output voltage is coupled to a 
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SED ~lt-wav.e diode detector, in whose load circuit arises a slip 

frequency voltage modulated by a drive frequency component. Atter 

amplification by an overloaded 615 triode stage, the detector output 

is applied to a single stage ~low pass filter, having a cut-o:rt 

frequency ot 300 cycles per second. The filter attenuates greatly 

the drive frequency component. Overloading ot the 6J5 stage e11m1 .. 

nates the effect ot variation ot amplitude o:r the pick~p coil voltage. 

This portion ot the circuit is essentially different from that o:r 

18 
Skarstrom and Beams, who used plate detection rather than diode de .. 

taction, and the selective property of a series resonant circuit 

instead of the low pass filter. 

The slip frequency voltage is then coupled to the input ot 

a three stage amplifier with a rising low freqQency response. In 

the first two stages of voltage amplification using 6SJ7 and 6J5 

tubes, bypass condensers at the plates attenuate the higher frequen-

cies to produce the rising low freqQency response. The output ot 

the following push-pull 6F6 power amplifier is tre.nsfonner-coupled 

to a 6X5 diode detector.circuit, on whose 60,000 obm load resistor 

is produced a D.c. voltage which increases in amplitude as the slip 

frequency decreases. 

A 6J5 delay tube produces a D.C. voltage between its plate 

and ground, which may be varied from 40 to 100 volts by means ot the 

grid bias potentiometer labelled "Slip Speed Adjustment". 

This delay voltage and the n.c. output voltage of the 



17 

amplifier with rising low frequency response are connected in series 

opposition to a diode detector using one halt ot a 6H6 tube. On the 

load resistor or this detector is produced a negative D.c. voltage 

only when the slip speed control voltage exceeds the delay voltage. 

This negative voltage varies the bias on grid No. 3 of the 6L7 Volume 

Control tube in the Drive Circuit. The fixed cathode bias on this 

grid is adjusted in order tbat any increase in negative bias from the 

control circuit decreases the t:re.nsconductance or the 6L7 and hence 

reduces the audio power to the ultracentrifuge motor. 

The action ot the control is very sharp since an increase 

ot one volt in the nesative voltage at grid No. 3 ot the 6L7 produces 

a. decrease in the motor power ot the order or so%. The graph in 

Figure 4. showing the variation ot speed with time during a 9-hour 

run at 800 revolutions per second, indicates a variation of speed ot 

about fa.~. 
Speed measurements during this run were made with a General 

Radio Strobota.c, whose flashing neon light illuminated a mark on 

part T of the rotating ass~bly. A s~pler strobotae mounting directly 

on the side ot the vacuum chamber has been built by Mr. ;r. Alex Carru-

thers. Illustrated in Photograph 3, it is calibrated over the l'flnge 

5000 RPM to 20,000 Rm. Higher rotational speeds may be read by using 

a known sub-harmonic. 

The slip speed adjustment may be calibrated in ter.ms or slip 

speed, tor a given drive trequency. Thus, the ultracentrifuge may be 



SLIP SPEED CONTROL PERFORMANCE 

FIGURE 4 
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accelerated automatically to a constant predete~ined speed with no 

attention from the operator. Slip speeds are available in the range 

trom lOO to 190 cycles per second. 

The Clock Amplifier circuit of Figure 2 consists of two 

6V6G tubes in push-pull driving a Blmmond 1unior electric clock at 

the slip frequency. The circuit acts as a means of reading the 

ultracentrifuge speed which is independent of the Strobotao method. 

The drive frequency, which must be used with the slip frequency for 

the calculation of the rotational speed, is known accurately because 

of the great frequency stability of the transitron oscillator circuit. 

The power supply tor the speed control (not illustrated) is 

conventional and consists of two units capable of supplying 300 volts 

D.C. at a current of 100 milliamperes. 

Many t lank: a are due to Mrs. V. Cla.rke who as sembled the 

control in its final form. 
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IV. THE OPTICAL SYST~ 

The optical system, illustrated in Figure 5, ie used for 

the photographic recording of molecular sedimentation in the rota­

ting solution, and is similar to those designed by Svedberg5 for the 

oil-turbine ultracentrifuge. 

Concentration distribution ma.y be measured by employing 

either of two different properties of the solution; light absorption 

or refra.ction. At present only the light absorption method is used. 

(e.) The Cell 

The material to be centrifuged is carried in a. cell (Fig­

ure 6), which is similar to that described by Bauer and Pickela.20 

One of its essential components is the duralumin centrepiece, B, 

having a sector-shaped hole, F, of angular width 4 degrees with ita 

apex a,t the axis of rota.tion (Figure 8). The sector shape is re­

quired in order tha.t the particles or molecules ma.y sediment unob­

structed a~ong radii, with an absence of stin .. ing. The centrifugate 

is conta.ined in this space which is of thiolmess 0.5 cm. and bounded 

by transparent quartz discs. The surfa.ces of the latter are para~lel 

to the plane of rota.tion, so as to ma.ke possible photographic observa.­

tione. The discs are made of crysta~line quartz, w1 th the optic 

axis perpendicular to the surfaces; they are of outer diameter 1.9 cm. 

and have a thickness of 0.5 cm. 

The length of the cell space is 1.5 cm. a va.lue found by 



OPTICAL SYSTEM 

FIGURE 5 



3 ... 

CJ 
0 

r -
r-+ 
-· 

c...r, n 
'"" DJ =r 
n> 

~ Ln OJ 
r-+ '< -· n U\ 

r-+ 
(\) 

3 



20 

5 
Svedberg to be optimum; it the column or solution is too short there 

is insuttiaient space tor sedimentation and molecules are reflected 

tram the outer end ot the space. For a given distance or the cell 

from the axis ot rotation, the length of the cell space is limited 

by the phenomenon ot inhomogeneity of the centrifugal field. 

The centrepiece and quartz disks are held in an outer dura.-

lumin casing, A, ot height 2.54 cm. and outer diameter 25.4 om. and 

are clamped very tightly together by a clamping ring, K, which presses 

on the upper disk through the ring, L. 

A seal is achieved between the disks and the centrepiece, 

through the use or pliotilm washers, H, 0.02 am. thick, having an 

outer diameter ot 1. 9 cm. and an inner diameter of 1.5 am. The seal 

is necessary to prevent leakage or the solution under the great hydro-

statio pressure developed in the rotating cell. The pressure is 150 

atmospheres at a speed ot 800 revolutions per second. 

The cell is tilled thrOugh a small ·hole, E, in the centre-

piece at the inner end ot the sector. This hole is sealed, to prevent 

leakage by evaporation into the surrounding vacumn, by the pressure ot 

a set screw, o, on a rubber washer, D, placed in an enlargement at the 

outer end ot E. 

Special wrenches, titting into holes drilled in the bottom 

ot the casing A and into the ring K, are used in tightening the cell. 

The amount ot expansion of the casing, in the region ot the threads, 

is used as a criterion or tightness. 

In order to make the light beam through the cell accurately 



CROSS-SECTION O.F THE CELL 

FIG.GRE 6 
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sector..ahapecl and hence to render the intensity ot the light at the 

photographic plate independent of distance from the axis, a dia-

phr&gm, 1, with an accurate sector-shaped opening ot angular width 

3 degreea,is placed in the bottom opening of the oasing. 

The first centrepiece used in the cell was made of a plastic, 

20 
pontalite, as suggested by Bauer and Pickels. When it was found, 

however, tba t the pressure or the set screw, 0, necessary to seal the 

tilling hole, was sufficient to crack the plastic about the hole, the 

present centrepiece of duralumin was adopted. The latter was given a 

dichromate coating to prevent chemical reaction with the cell contents. 

The recesses in the new centrepiece into which the quartz disks fit 

were made slightly large to allow tor the insertion of double layers 

ot pliotilm around the edges ot the disks. The purpose or the com-

pressible pliotilm layers is to reduce the stresses set up in the 

quartz disks by deformation during rotation of tbe oell, and, hence, 

to prevent fracture ot the disks. 

In use, the cell must be accurately aligned in the rotor, 

in order tbat the sectoral walls be along radii from the axis. 

24 P1ckels has suggested the use of a key fitting into corresponding 

slots in the rotor and the cell casing. 

(b) The Came1'6 

Another essential teature ot the optical system is the 

camera lens, L.L. It is a Hilger qu~rtz-tluorite acbrcmatic doublet 

of :rocal length 100 cm. and aperture F 36. A long focus lens is 
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necessary to prevent errors due to pe.re.lla:z: arising fran the finite 

thickness ot the column of solution in the cell. The lens is em-

ployed at unit magnification; thus the total length of the optical 

system from the cell to the iDage plane is 400 am. 

An aluminum camera tube, T, of inner diameter 5 em. and 

length 315 am., •hown in Photographs 2 and 4, is rigidly supported 

at a height of 165 a.m. above the floor ot the roam by wooden brackets 

built out trom t~ brick pillars. The mounting ot the camera lens in 

the tube has a rack aDd pinion adjustment for focussing. 

A Hilger E2 quartz spectrograph, with its slit placed in 

the image plane ot the camera lens, serves instead of a photographic 

plate holder. The spectrograph has the immense adn.ntage that it 

resolves light incident on it into a spectrum. The camera shutter 

is simply a wooden disk mounted to swing 1n front ot and to fit 

closely against the spectrograph slit. 

Light trom the cell passes to the camera through the vacuum 

chamber window, w1• This consists essentially of a quartz disk, iden-

tical With those used in tbe cell, which is mounted in a brass holder. 

A seal about W is achieved by clamping it tightly against a shoulder 
1 

ot the holder with an interposed rubber gaBk:et. A neoprene gasket 

pi-Ovides a seal between the holder and the obamber lid. 

A stainless steel mirror, 141 , mounted in the camera tube, 

changes the direction ot light through 90 degrees. 141 has an actual 

diameter ot 2.4 a.m. and an ettective diameter ot 1.7 cm. 



Brass and aluminum tubes, shown in Photograph 2, enclose 

the light path tran w1 to M1 , excluding oil, dust and stray light. 

Diaphragms, placed in the tubes ot the optical system at suitable 

intervals, reduce internal reflections. 

( c) The Light Source 
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A General Electric 250 watt, 3 inch UViare, a quartz mercury 

are, is the source ot visible and ultra-violet light (Photographs 2,3). 

Operating from the llO volt A.c. lines through an autotranstormer, 

this source provides illumdnation of constant intensit.y when it is 

tully wamed up. In operation, the lamp input voltage is carefully 

adjusted to a definite value with a Variac and a voltmeter. The 

war.m-up period necessary is said to be 4 minutes; in operation a 6 

minute period is allowed. 

The cell is illuminated w1 th parallel light from the mer-

cury arc by means ot the condenser lens, L2, the mirror M2 and the 

window w
2

• L
2 

is a quartz lens of focal length 25 cm. located at a 

distance of 25 cm. from the UViarc. M2 and W2 are identioal with 

M1 and W1, respectively. 

(d) Adjustment of the Optioal System 

Accurate alignment ot the optical system is essential tor 

the production of an evenly illuminated, tocussed image ot the cell. 

All ot the components ot the optical system are adjustable in their 

mountings to a sufficient degree to pemit alignment. 



(e) The Light Absorption Method 

The light absorption method depends on the existence ot a 

difference in absorption between the substance studied, and the medium 

surrounding it in the cell. In general, the mediwn or solvent is non­

absorbing and the molecules or particles of the substance exhibit a 

cba:racteristic absorption, usually in the ultraviolet. The use ot a 

mercury arc source, unfiltered, and the spectrograph render unneces­

sary a search for the proper source frequency tor a given substance 

and can extend the possibilities of the light absorption method by 

ditrerentiating between two s~ltaneously sed~enting substances. 

During a run, exposures are taken at certain intervals; on 

completion, a set or exposures is taken to dete~ine the relation 

between blackening on the photographic plate and concentration or 

the sedimenting substance. The latter set provide what is khown as 

the "concentration scale". Atter development, the exposed plates 

are registered with a microphotometer which yields a graph ot photo­

graphic blackening against position in the cell. 

(f) The 141crophotometer 

The microphotometer in use was manufactured by Kipp and 

Zonen. The principle of the instrument is as follows: An electric 

lamp is burned at a constant voltage, supplied by a storage battery. 

A reduced image of' the lamp tilament is projected through a lens on 

to the plate whose blackening is being registered. A second lens 

toousses this image on a thermopile whose current is measured by a 

Xlpp galvanometer. 
The deflection or the latter is recorded with a 
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light beam, a mirror turned by the galvanometer and a strip ot photo-

graphic paper on a drum. The drum and the plate are advanced together 

by a set ot gears, such that a magnification of 7 is achieved on the 

drum. The resolution of the microphotometer is sufficient to show 

peaks on the photanetrio curves caused by the grains of the enmlsion. 

A small electric motor drives the photaneter through a re-

duotion gear, at such a speed that it tre.aes over the complete cell 

image, 1.5 am. in length, in 10 minutes. This rate is slow enough 

to pemit the galvanometer to register accurately any sudden changes 

in blackening, e.g. that occurring at the meniscus in the cell. 

The photographs taken in a run on the protein, egg albumin, 

are shown in Figure 9. Figure 10 is a microphotometer trace from 

this run. The blackening due to the "inde:z:W, shown in Figure 10, is 

produced by allowing light to pass through a small hole in the cell 

counterbalance. This hole is located at an accurately known distance 

from the axis of rotation and its tmage furnishes a reference point 

tor the measurement of displacements. 

(g) Photographic Considere.tions 

Kodak 33 plates, a general purpose, blue sensitive type, 

are used in the spectrograph, and are always developed tor 3.5 minutes 

0 
in Kodak developer D-19 at a temperature of 20 c. 

The proper exposure time must be determined in advance or 

a run tor a particular line of the mercury arc at which there is 

characteristic absorption by the solute of the solution being studied. 
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The exposure must be such that the concentrations of solution trom 

~ (pure solvent) up to lOO% ot the initial concentration in the cell 

at the beginning ot the run, produce degrees of blackening, all of 

which lie on or near the linear portion or the photographic blackening 

5 
curve of the plate. T~t is, all or the concentrations to be observed 

in the cell, must produce different degrees ot blackening on the plate, 

in order that an accurate relation between concentration and position 

in the cell may be obtained. 

The ettect of the phenomenon of growth or the latent image 

atter exposure was eliminated by delaying developnent of the plates 

for a period long compared with the interval between the first and 

last exposures of a run. 

The set or exposures from which the "conoentration scale" 

is produced can be taken in two different ways. In the first, the 

cell is filled w1 th a number of conoentra. tions in the range from fY1, 

to lOo% and,for each concentration, an exposure is taken at the opera-

ting speed for the run. A second, simpler method involves the use of 

an optical cell, with parallel quartz windows separated by a distance 

equal to the ultracentrifuge cell thickness. During the run, the 

optical cell is tilled with pure solvent, and is placed between light 

source and the ul traoentrituge cell. On completion of the run, when 

a region of pure solvent exists in the rotating cell, the optical 

cell is filled with a number ot concent~tions ot the solution and 

an exposure is taken for each. 
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V. OPERATION OF THE ULTRACENTRIFUGE 

23 
Many details ot operation are given by Ebtenberg; consequently, 

mention will be made only or some ditterent phases encountered by the 

writer. 

Some ditticulty was experienced with the babbitt bearings. 

As mentioned above, the bearings should be rewmed carefully until the 

abaft will just slide through without torcing. In practice, this is 

ditticult to achieve; slightly tight bearings tend to seize and loose 

bearings experience a high rate of oil leakage. The outer diameter ot 

the s:tatt material is actually 0.1263 inches. A special reamer, made 

by Mr. J. A. Masse, slightly smaller than this size, facilitated ad-

justment ot the bearings. In Professor Beams' experience, such bear-

ings do not wear it properly lubricated while the ultracentrifuge is 

running at a vibration-tree speed; wear is caused by undesired reaming 

as the precessional vib~tion region is traversed in acceleration or 

deceleration. 

In acceleration ot the ultracentrifuge to the operating 
18 

speed, the writer found, in agreement with Skarstrom and Beams, that 

the motor torque is roughly inversely proportional to drive frequency. 

Consequently, tor a final speed of 800 revolutions per second, it is 

pre~erable to begin with the lowest available drive frequency, be~ore 

changing to the final trequenc7. 

The greatest speed at which the ul tracentrituge b9.s been 
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run, 56,4oo RPM or 940 revolutions per second, reguired 700 wa.tts of 

driving power a.t a. frequency of 1120 cycles per second. The earlier 

lighter Svedberg rotor wa.s used at this speed, which corresponds to 

a field of 208,000 g. at the center of the cell. 

No long rl.UlS were conducted at speeds grtea.ter than 800 re­

volutions per second; two a.t this speed lasted for 8 and 9 hours. 

They are described below under applica.tions of the ultra.centrifuge. 

As mentioned above, the rotor may be brought rapidly to 

rest a.t the conclusion of a run, by reversing the current through 

one pa.ir of sta.tor coils. The application of 400 wa.tta in reverse 

at 430 cycles per second results in a safe treversa.l of the precessionsl 

vibration region below 18,000 RPM. 

The motor sta.tor assumes a. tempera.ture above 70°0 , during 

high speed runs, for which more than 500 wa.tte of driving power are 

required. The blower, shown in Photograph 3, cools the sta.tor ef­

fectively on one side. Furthe;r cooling wa.s achieved by passing cold 

we_ter through eevera~ turns of copper tubing around the outer edge 

of the stator. This system, although inefficient, maintains the 

stator 11Verywhere within the safe tempera.ture range. 

During the early runs a.t high speed and high driving power, 

some of the phase shifting condensers shorted because of overhea.ting. 

The difficulty wa.s resolved by directing a. steady flow· of air over 

them with a blower and a. 10-inch fan. 

The water flow necessary to produce satisfa.ctory cooling 



in the armature-s.batt assembly requires a pressure ot 5 lbs., read 

on a gauge in the water inlet line. The lubricating oil pressure 

which mat be higher than the water pressure, to prevent water from 

entering the babbitt bearings, is set, in general, at 10 lbs. 

With the speed control, very little attention is required 

tram the operator during a run, except tor taking exposures and 

checking the oil and water pressures. 
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VI. THEORE!'ICAL CONSIDERATIONS 

A cCIIlprehansive treatment ot the theory of sedimentation 

5 in a centritugal field is given by Svedberg and Pederaen and in 

26 
brieter tor.m by Beams. 

Tbl theoretical problems involved have not yet been com­

pletely solved. The theory ot Mason and Weave~" tor sedimentation in 

ideal solutions in the gravitational field may be used tor approx1-

mate results in centrifugation, where the centrifugal tield can be 

considered unitol'Jil over the length of the cell. The differential 

28 
equation, first derived by Lamm, is 

~Jx( (~ _ w2
xac) '= } : (1) 

where e is the ooncent:rfltion at a point at time t ot an ideal solu-

tion in a sector-shaped cell, rotating with constant angular velocity 

w, x is the distance from the centre or rotation, D the diffusion 

constant and s the sed~entation constant, or the velocity ot sedi-

mentation ot the solute in unit centritugal field. Usable solutions 

29 
ot this equation bave been obtained by Arohibald• by means of which 

theoretical distributions of concentration in the cell may be obtained 

tor any time t. The s~plest solution of the differential equation, 
5 

tbat tor the equilibrium case when t :m, has been given by Svedberg, 

in the tonu 

M~:~r ( 2) 

wbere 14 is tbs moleeular weight, R the gas constant, T the absolute 
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t ... ~ .. f the density ot the solution, V the partial specitic 
empera .,.. .. w' 

volume ot the substance and cl and c2 the concentrations at points 

x1 and x2, respect1Yely. At equilibrium, the opposing :toroea ot 

sedimentation and dittusion balance one another. In practice. equi-

librium may be approached sufficiently closely in a finite time, 

which is, however, in many cases, inconveniently long. 

Another method, involving the measurement of sedimentation 

velocity, llflY be carried out in a eanparatively short time, with a sutfici-

e~ly high centrifugal field. The theory ot the method may be developed 

as follows: The centrifugal t'orce on acting on N particles suspended 

in a tluid is 

where ~ is the volume ot one particle, Pp is the particle density 

and f is the density of the liquid. If N is Avogadro•s number, then 

N r}fp• M and N,f : Wf 

where V is the partial specitic volume of the solute. The frictional 

:rorce acting on the mole ot particles is 

f dx -dt 

where t is the frictional constant per mole. Equating the two toroes, 

we have 

lor a dilute aolu tion 
t • RI' -D 
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If we a.ssume that the sa.me molar frictiona~ constant is 

effective in free diffusion and in sedimentation, then 

dx 

M = RT -dt, 
D(l-V.f) 

• RTe 

D(l-Vf) (3) 

where s, the sedimenta.tion constant, is a characteristic constant of a 

given m.olecular species in a given solvent a.t a. given tempera.ture. 

Egua.tions (2) and {3) are the tw·o funda.men:bal relations 

for centrifugal aedimenta.tion. Equa.tion (3) requires a knowledge 

of the diffusion constant for a determination of the molecular size. 

For many purposes, however, the sedimentation constant is a sufficient 

m.ea.sure of molecular size. A comparison of M values using the tw·o 

fundamental relations has revealed no systematic deviation, thus the 

assumptions made seem justified. 

The sedimentation velocity method, how·eve-r, ha.e a much 

gtteater ability to ana~yze a. mixture of molecular weights a.nd this 

property is one of the major a.dvantages of the ultre .. centrifuge over 

the osmotic pressure method. 

A solution ha~ing a siute with only one molecular species 

is known as monodisperse; a mixture containing a. grea.t number c:r a. 

continuous series of molecular or particle species is polydisperee. 

The monodiaperse system in sedimentation exhibits a very definite boundary 

between the solution and the pure solvent. 

The simplest case of anal.yais of polydisperse systems by 

the sedimentation velocity ·method is when the particles are approxi-
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matel:y spherical and large enough that no appreciable amount or dif­

fusion takes place during the sedimentation measurements. The method 

or analysis or this case is described by Kraemer:O In the absence or 

interaction due to electric charge or too high a concentration, each 

particle size sediment a W1 th a sharp boundary, at a velocity given by 

Stokes' law • The law has the tom tor a sphere sedimenting in a fluid 

under the gravitational :field: 

where _5 is the velocity or the particle, t1 the viscosity of the 
dt 

medium, f p the particle densi ty•/'m the density or the medium, and 

g the g:re.vi.tational field. In applying the equation to a centrifugal 

2. 
field w :x: is substituted tor g, and the result, after integration is 

(~) 
r2 • 9 h los(~) 

2(f P ·tm.>~2t 
where :E.t is the distance ot the particle from the axis ot rotation at 

time t atter the start or centritu.gation and :x:
0 

is the distance of the 

meniscus from the axis. It the medium is more dense than the particle, 

as is the case with synthetic rubber latices in aqueous suspensions. 

then the latter sediments toward the axis and the relation becomes 

(4) 

wbere ~ is the distance ot the outer periphery of the cell from the 

axis ot rotation. 



Attar sedimentation tor a ttme t, the increase in ooncentra-

tion dct over the region xt to (xt-dx) in the sedimenting brundary is 

due to particles ot re.dius betwen rand (r+dr) whose boundaries lie in 

this region. Owing to radial sedimentation and to the increase or cen-

tritugal force with distance from the axis, the concentration ot the 

group ot particles at the outer periphery, in the original solution 

was less by the factor 

Then do -d:x: 

A convenient method ot representing the size-distribution ot a mixture 

ot spherical particles is by means of a plot ot .9.2_ against r. 
dr 

From equation (4) 

dr - :- r 
dx 

'l'h8 negative sign indicates that the radius decreases as distance ot 

the particle trom the axis increases. 

Then 

(5) 

For mixtures w1 th very many components differing very slightly 

in particle size, the boundaries of the individual sizes do not appear 

in the sedimentation diagram and an analysis by means of equation (5 ) 

must be carried out in steps over the boundary. 
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Since dispersions with particles large enough to allow 

this simple analysis are usually turbid, the absorption method otten 

is the only one which can be employed, the absorption being due to 

scattering. Scattering, however, is quite sensitive to differences 

in particle size, and the distribution curves as obtained above are 

really distributions ot d(kc) , where k is the absorption coefficient. 
dr 

Such curves are called weight-optical curves. 

31 Rinde bas shown that it the particles are not perfect spheres, 

the ratio·ot the equivalent radius, obtained by Stokes' law to the 

1tdius R ot the sphere of the same volume as the particle does not 

deviate tar f'rom unity, even if' the particle is an ellipsoid with a 

ratio of axes ot 10. 

Size distribution analysis can be carried out by this pro­

o 
cedure, ignoring diffusion for particles from approximately 100 A 

in diameter up to the sizes handled by sieve analysis. 
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VII. APPLICATIONS 

(a) The Sedimentation Constant of Ess Albumin. 

The first measurement was made on the protein, egg albumin, 

a substance whose behaviour in the ultracentrifuge is well-known. 

Many deteminations of its sedimentation constant have been made in 

5,26 
Svedberg's labo~tories at Upsala and elsewhere. 

A solution of Merok Egg albumin or concentration 1% by 

weight in water, was centrifuged for 5 hours at a speed ot 700 revo-

lutions per second or a oentritus&l field at the cell centre of 

113,000 g. Exposures were taken at intervals of 50 minutes, roughly. 

During the run, the speed remained quite constant due to the action 

ot the slip speed control. In the latter part of the run, the vacuum 

deterio~ted to 10 Ddcrons, owing to partial failure ot the dittusion 

pump. Some heating of the rotor resulted; on completion, the rotor 

0 c t 25°0. tempere.ture bad risen to 31 tram an initial temperature o 

Prints of exposures taken during the run are shown in 

Figure 9, in which chare.cteristic absorption in the ultraviolet is 

observable. The bOundary moves outward from the meniscus, since the 

protein molecules are more dense than the solvent. Figure 10 is a 

microphotometer trace trom this run, ot theA2804 line, 299 minutes 

atter the start. No concentration scale was made, owing to the lack 

ot a suitable optical cell. 



An evaluation ot the sedimentation eonstant tor this run 

i 1 •13 Y e ds the value 3.8 x 10. The accepted value at 20°0 , given by' 

Svedberg and Pedersen5 is 3.55 x 10~13 

(b) Soap Solutions 

The state ot soap, commonly the sodium or potassium salt 

ot a fatty acid, in aqueous solution is not definitely known. It 

is assumed, however, that the soap molecules are aggregated, above 

a certain minimum concentration ot the solution, into mdcelles. A 

definitely known feature of the micelle is that soap molecules are 

oriented in pairs with the hydrocarbon ends togetmr and the metal 

ion ends outward. It is assumed that the pairs are situated ad-

,, .. 
jacent to one another in an aggregation resembling a pancake, which 

may contain two or three hundred molecules. A layer of water is 

32 
bound inside the "pancake". Hlrk:ins bas obtained this picture of 

the mdcelle from X-ray diffraction studies. Micelle formation 

occurs only above a certain minimum or critical concentration, 

about 0.1% by weight. 

Soap is an essential factor in the pol~erization process 

used to manufacture GR-S synthetic rubber. Polymerization occurs 

in an emulsion consisting of an oil phase and an aqueous phase. The 

oil phase consists principally ot butadiene and styrene in propor-

tions dependent on the properties desired in the tinal product; the 

aqueous pbase consists essentially ot a soap solution. Polymerization 
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is pictured as being initiated within the micelle, which, in the 

emulsion, absorbs some ot the oil phase. The yield of polymer from 

the reaction is sensitive to the amount and nature of the soap used. 

Some ot the commercial soaps employed produce high yields; whereas, 

others are inefficient. It has been ~possible on the basis ot 

chemical analysis to determine what is the characteristic of a soap 

deter.mdning its efficiency in the reaction. It the nature of the 

Ddcelle were known, more definitely, correlation of micelle struc-

ture with the mechanism of emulsion poly.merization might be possible. 

Dr. :r. s. Tapp of the Research and Developnen t Division of 

the Polymer Corporation suggested that the ultracentritugal technique 

might reveal something of micelle structure. Three ~ples were sup-

plied by Dr. Tapp: one was a standard soap, known to produce good 

yields; the other two were unsatisfactory soaps. 

The sedimentation of soap in aqueous solution has been in-

33 
vestigated by 1.W. McBain and M.E.L. McBain, using the tirst oil-

turbine ultracentrifuge wilt by Svedberg at Upsala. At a field ot 

100,000 g. several types of pure soaps, among them sodium oleate, 

potassium lau:rate and l.auryl sulphonic acid, were centrifUged in 

concentrations of o.25N and 0.5N, corresponding to percentages by 

weight of approximately 7.5~ and 15%. Using the light absorption 

method, sedimentation was observed to take place outward w1 th potas­

sium laurate and inward with sodium oleate and lauryl sulphonic acid. 

McBain and McBain ascribed the outward sed~entation to an "ionic" 
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micelle, that inward to a neutral micelle. The results could not be 

evaluated because the absorption ot light was found to be independent 

ot concentration in the middle ot the concentration range. 

The standard RRC Pilot Plant soap was selected tor prelimi­

nary experbnents. Concentrations above 0.5% proved impractical owing 

to gel fo~ation. A number or runs with solutions ot concentration 

0.25~, including one ot 9 hours at 113,000 g., were conducted, with 

no observable sedimentation. A later run of 9 hours duration at 

150,000 g., disclosed same slight sedimentation inward to the meniscus. 

This corresponds somewhat to the result obtained by the McBains w1 th 

sodium oleate at a concentration of about 7.-5%, much greater tlan that 

used here. 

At this point in the investigation or soaps, when runs on 

pure soaps were contemplated, the accident with the earlier Svedberg 

rotor occurred. Owing to a lack of time, the soap problem was de-

ferred and the experiments described below were undertaken. 

(c) Particle Size Distributions in GR-S Synthetic Rubber Latices. 

Synthetic rubber latex, the end product of the polymerization 

reaction, consists of rubber particles in an aqueous suspension. The 

particles, have particle weights near iQ8 grams and diameters near 500 AO. 

Mea.su.rements of la.tex particle sizes and distributions are of fundamental 

importance in establishing both the locus and the mechanism of the emulsion 

polymerization process. They have been made previously by the use of three 
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dirterent methods; (a) ligbt scattering techniques (b) 
the dete~nation 

ot apeci~ic area and si b 
ze Y soap titration (c) the use ot the electron 

microscope. 
A comprehensive SUII'Illlary of these three methods has been given 

34 
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van a.~. er correction ot the results for the different 

methods of averaging in use, the three methods yield different results. 

The Order of size of the latex particle makes it particularly 

suitable for employment of the tbaor,y described above tor polydisperse 

~ystams, in which sedimentation is sufficiently rapid that diffusion may 

be neglected. 

Two samples ot latex, types II and V were supplied by the 

Polymer Corporation. Type II is the latex produced in normal manufacture, 

and has particle sizes predominantly in the "small" end ot the latex par-

ticle size range. Type V is said to bave larger particles. The latex 

samples are highly turbid and tor use must be greatly diluted. A .o.~ 

solution ot tm. standard Pilot soap was used tor the dilution which was 

1:1000 tor Type II and 1:0000 tor Type V, corresponding to pe:g£entage 

concentrations by weight ot 0.025% and 0.029%, respectively. Bardwell 

and Sivert~have tound t:t.t a soap solution is necessary for the dilution, 

rather than water, in order to prevent agglomeration ot the latex particles. 

At these great dilutions, which were selected to provide proper pbotog:re.-

phic exposures in the ultracentrifuge, a detinite turbidity is nevertheless 

noticeable. Test runs to determine the proper centrifUge speed, revealed 

tbat 5500 RAVI corresponding to a tield in the cell of 1960 g was suitable. 

The run on Type II latex lasted 3 hours; during the run expo-

sures were taken at 18 minutes and 30 minutes after the start and at 25 

minute intervals thereafter. A concentration scale was made at the 
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conclusion of the run by filling the cell successively with concentra.tione 

of o 20 4o 6o 80 and 10~ of the initial concentra.tion and taking an ex-' , , , 
posure for ea,oh concentration at 5500 RPM. Microphotometer traces w·ere 

made of the ~ 2654 line which proved to be W'ell exposed. The exposure 

at 30 minutes wa.s selected for analysis because of ite region of uniform 

concentration between the meniscus and the boundary. A curve corresponding 

to the boundary, giving microphotameter deflection versus distance from 

the axis of rotation is shown in Figure 11. 

The results are ana~yzed as follows: from the micrQphotometer 

trace, corresponding values of diapla.cement of points of the boundary 

from the index and photometer deflection are obtained. The distances 

from the index are converted to distances from the axis of rota.tion and 

the graph mentioned above in Figure 11 is plotted. Photometer deflections 

are changed by means of the concentration scale (Figure 11) to concentration 

values. These quantities above are tabulated, along with corresponding 

values worked out for the following: (i!) , (i!) 2 , log ( =:), r2, r, 

6Ct 
Ar, rm, A r 0 , A et, Aro , where A r and A et represent the differences 

between successive values of r and et; rm is the mean ra.dius in the cor­

responding interval; ll r 0 carries the correction for bunching and is 

fl r, (Xp) 2. Act is equal to Ll_~ and is the ordinate of the size 
~ Aro Ar 

distribution function plotted against rm as abscissa.. Values of r2 are 

ca~culated w1 th equation (4) of the theory. The distribution curve for 

the Type II latex is shown in Figure 11. 

The run on Type V la.tex w·as conducted similarly. The A 2804 

line was cbosen and a concentra.tion sca~e constructed. An exposure taken 

18 minutes after the beginning of the run. was analysed as described above. 

The results are shown in Figure 12. 
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The measurements of v1scoa1 ty of the la.tex solutions and of 

the density of the medium (soap solution) necessary to supply values far 

the calcula.tion of r 2 , were ma.de through the kindness of Professor Winkler 

in hie laboratory. The values are a.e follows: 

Viscosity of Type II Latex solution - 9.45 x lo-3 poises 

Viscosity of Type V Latex solution - 9.22 x lo-3 poises 

Density of 0.1~ soap solution - 0.997 g./litre. 

Bardwell and Sivertz35 ha.ve determined the density of the la.tex particles 

to be 0.93 g./litre, the same as the accepted density of the bulk polymer. 

The size distribution curves, which are weight-optica~ curves, 

as mentioned above, indicate distribution 1n accordance with the antic1pa.ted 

results. The significance of the curves is such that an average particle 

radius, which ma.y be called a. weight-optical average, is given by the 

radius coordinate of the centre of gravity of the distribution curve, 

ca~cula.ted from the formula: 

o(; d(kc) 
dr 

dr 
rav -- d(kc) o(oo dr 

dr 

Calcula.tions of rav yield the values: 590 A0 for Type II and 

940 Ao for Type V. The va.lue for Type II lies near the average va.lue, 

56o A0 determined by light scattering measurements .34 
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TYPE 11 LATEX RESULTS 

FIGURE 11 
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