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1. INTRODUCTION

THE transformation sol-gel or vice versa can be investigated by the methods
of colloidal optics. The recent development in the field of Colloid-Optics,
particularly in the hands of R. S. Krishnan,! has provided a very elggant
method of investigating these problems.

The light scattering technique developed by R. S. Krishnan,! with the
- aid of a pair of double image prisms and the resulting four Tyndall cones
has proved very useful indeed for studying the variations in‘the size and
shape of colloid particles. ‘ '

2. THE EXPERIMENTAL TBCHNIQUE OF R. S. KRISHNAN

QLnpolarised light from a uniformly illuminated slit § (Fig. 1) is con-
densed by a long focus lens L throygh the double image prism Py, which is
adjusted so as to give two tracks, one vertically below the other as at V and
H. These two.well separated beams are of equal intensity, the electrical
vector in V being vertical and that in H being horizontal. At the focus of
these two beams is placed the scattering medium under investigation, con-
tained in a suitable rectangular cell. The two tracks are viewed at right
angles to the incident direction (in the horizontal plane) through the second
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dbublé image prism P, which is crossed: with' respect to P;. We now: see~

. « féur-beams as shown in’Fig. 2. ' The incident beami V i split up into two-

beams V, and H; the-electric vector in them being verticai and honzamal

respectively.

Similarly the incident beam H is split- up into Vu and Hy (see Fig. 2)
whsre the eiectne* vectors are’ vertical and honzontal resmcnvely
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As shown by R.S. Knshnan the, p,rmcxple of reclproclty is obeyed and
the tracks VH and- H,, are always equal to each other in mtensxty .

The ratio %— = Pu is , found to be a ‘measure of the sizé of the scattenng
H

, pamcles “Thus pn is equal to 1 for partlclés of ‘molecular dlmensmns and .
- deegreases in vglue as the size of the. scattermg particle ingreases. -

Walii¥y

w,Aga.m' the ratxo g = p,, g;ves a, mqasure of the amsotropy of the

p&l‘!iéi&h It is zero for perfectly symmetneal particles and 1ncreases w;th the '

thép S nt mvest1gat10n the optlcél‘;ﬁethod outlmed above ilas ‘Been
. : sfudy of dgar-agar d1ssolired in watef in transformatlon t‘rom
@J,‘ 'S’bl “tos the ¢ gel’ state and vice ‘versd. Krishnamurthi® had" investi-
gated ﬂll& problem earlier in regard to, agar-agar but he had used’ Hie then’
known techmquc of one incident beam ‘bf unpolarised light” The present
investigation is’ a”té-Siirvey of the field ‘covered' by Kfishnamurtlii, using
- the new tihmque of R. 8. Krlshlan Before discussing the variations of

pa and p, the f?orrespondmg varratlons in the total '§cattenng by a centimeter
layer of the gel-sol with mclé!ent light unpolarised are descnbed

g ?RBPARATION OF THE SOLS

¢

A weighed quantlty of aga;'-agar in the form of whlte fibres is kept in
running water for about an hour It #s:then boiled with distilled water in
2 v

.
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which it dissolves completely to form a turbid sol. The sol is then filtered

hot-several timss to obtain a yery clear transparent sol which is collected .

in a large test-tube. The test-tube is kept in a hot water-bath to prevent
the so! from setting. 'This sol, when examined in a strong beam of convergent
light shows no bright specks of light. . . '

If the sol is mainté.ined at a tempetature above 40° C. for aﬁy length of
time no appreciable change takes place.  However, if the sol is below 40° C.,
a slow conversion from sol to gel takes place.. The sol becomes increasingly

e

viscous and ultimately sets to-a gel. At the same time the intensity of the

scattered light increases until the gél sets completely. The time taken by
the sol to set to a gel decreases rapidly as the temperature -of transformation
falls below 40°C. Correspondingly the .changes in the intensity of the
scattered light occur faster and faster. as the temperature of the _experimdht
falls ‘more and more below 40°C." . R :

. During the gel-sol tfarisfé‘rmé_tféii thechanges notxccd are not exactly
the reverse of the sol-gel transformation. The tendeicy i$ for the gel state
to persist indefinitely even at temperatures as high-as 60° C. . As the tempe-

rature is increased still higher the gel gradaaMy transforms itself intd the -

sol state without indicating any distinct temperature of transformation.

4. METHOD OF MEASURING THE INTENSITY OF SCATTERED. LIGHT

(a) Experimental arrangements for measuring intensity -in the transverse:
direction.—Light from a pointolite lamp is concentrated on a square aperture .

at S (see Fig. 3). It then passes throngh the converging lens L and is con-
centrated at P.  The sol to be examined, kept in a test-tube is immersed

in a rectangulat glass cell containing clean water. The#temperature of .the:

sol is given by.the thermometer T, and that of the water-bath. W by .the
thermometer Ty, The whole of the test-tube is then painted dull black on
the outside. Theré are just three rectangular apertures of suitable size, all
in a horizontal plane, of which two serve for the entrance and exit of the
beam of incident light, while the thjrd aperture serves to observe the track
of the incident beam at right. angles to the direction of the incidence.
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The test-tube enters the water cell through an aperture in the cover and
can be adjusted vertically. The water cell is 10cm. by 10cm. by 10 cnd.,
made of good quality glass plates without optical strain. The glass sides
are all painted dull black leaving only. 3 transparent areas cofresponding to
those in the test-tube. The water cell is in turn surrounded by a wooden
box the inner and outer sides of which are also painted dull black. This
box also has three holes corresponding to the apertures in the test-tube and
the glass cell. The transversely scattered light passes through the observa-
tional window and falls normally on a photo-cell which has a square aperture

1 cm. by 1 cm. and which is 10 cm. away from the track whose intensity is |

to be measuerd. As the photo-electric cell ‘was most sensitive to red, a red
filter-was kept in front of the cell. The photocell and amplifier units are

similat to those used by Ananthakrishnan,® where the out of balance current

in a Yheatstone bridge system is a function of the intensity of the radiation
incident on the cell. The bridge is adjusted so-that the micro-ammeter
reads zero with no illumination. The reading of the n:ucro-ammeter increases
with the intensity of the scattered light.

(b) Range of the photometer; for linear response.~To see in what range

the response of the above photometer is linear the following subsidiary
experiment was performed. The light passing through the lens L is made

to pass through two nicol prisms, one of which can rotate on a divided circle’

about a horizontal axis. The light transmitted by these two nicols is allowed
to fall on the photocell of the photometer. The bridge is adjusted so that

the micrp-ammeter reads zero when the nicols_are crossed. -The deflections .
in the microammeter for different rotations @ of the adjustable nicol away .
from its crossed ‘position are then noted. The mtensﬂy I correspondmglé ‘

toa rotatlon 6 of the nicol is glven by

I= Io sin? 6, where I, is the -maximum mtensxty when the mcols are in

the parallel posxtxon

.Fig, 4 shows thet ﬂle response of the photometer is lineat in the tange
of current from 0 to 90 micro-amperes, which covers the'range of readings
when the photometer is used’to measure the 1men81tyfof mftcred light i in
our experiments. - HR U

(¢) Measurement of mténszty I, of the mczdem' bmm-—To express the

scattered light as a fraction. of the incident i;ght, a'knowledge of the intensity

of the incident light I, is neemary This, however, cannot be measured -
directly by the photo-cell unit as it is too intense. Therefore, the intensity

of the incident bsam was cut down to the working range by reducing the
“aparture of the pointolite to its minimum and introducing a strong filter
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Intensity d:sfnbuhan n ﬂu harganfal plane .
 For gel .sef at25 C‘
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’Uéiﬁg the values of mtenslty gwen in Fig. 7 it is easy to compute the total
intensity of the scattered light passmg out of the whole sphere as

. Ip =2l (Z.One) = 27 X 10* x Zlgsmﬂdﬂ
| ' = 20nZ]y sin 0
putting df = l—lﬁ radian, equal to the solid angle subtended by the aperture

of the. photo-oell

) This totsl mtensuy Iy can be expr&ssed as'a fractxon ﬁ of thc incident
beam.  In Tablet H.to XI tlns value is given in the last column o

(& Measabemént af rhe trans»ussion by a layer of gel or sol.—A beam
- of light passing through a diffusing medium undergoes depletion by scatter-
ing. Using the photometer it is easy to measure the transmission by a
known thickness of -thé* get or . sol It is e therefore, to compare
“the total loss by scamdnt a8 estmated in ¢ (&)*‘above with the 1oss in

.,wmmxsswn P : whE

N
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An example of such comparison is given below:— - -
- dr.os ) - .
T TaBLe I ‘
. " Light scattered by gel set at 25° C..
‘ . Total light scattered
c.'::‘t;:?:'t'h:f by one centimetre Loss in transmission
« % 'gel layer over soiid angle . per cm.
* ge der
: A % %
gy, 002 0-4 0:38
) 0-5 1.0 . - DY
N 1.0 2-4 T 243
1.5 48 * 5.0

~ From the above it-is seen that most of the loss of intensity during the
_ passage through the medium is dde to scattering. 'This loss, in the case of
" agar, for the concentrations dealt with, is also not so large as to affect the
intensity of the Tyndall cone when viewed through ‘the thin layer of the
medium Which usually. intervenes between the track and the boundary of
the containing vessel nearest td the observer. - LT

- X MEASUREMENT OF .DEPOLA_R_ISATION
. The method of obtaining ‘the four Krishnan components has already

*  been described.in para 2. The outside of the test-tube containing the gel

under investigation is covered dull black exceptifig for three small square
holes in a horizonfal plate, two of which are in a. straight line to allow the
incjdent beam to: pass through the gel while the third-one is at right angles
~“to the liné joining the first two, for observations. - The test-tube is held
vertical so tha& only the upper one of the two incident beams (Fig: 1), namely
., passes through the gel, the lower H being cut off. Correspondingly,-only
- the first and ‘the third beams (Fig. 2) are obtained when viewéd through-the

;doublé image prism Py They are then observed through a micol to which
a divided. cirgle; is:attached. - The -two suocessive -positiops. of the. nicol
* . 6, and 6, at which-the two beams appgar to be of equal intensity. are found.
. 'The ratio p, of the third to the first beam is calculated:by . Lot

“The test-tubo is then Jowered shightly so that the upper beam Viis out off and
_the lower beam H only passes, through the .gel.” Fhefatio oy of the resulting

fwo beams, namely (Figc 2) the second to the fourth, is obtained in'the same

way as p,. If the double image prism-in the path of the inc‘ideﬁfh@m, is
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removed then we have a beam of unpolarised light.passing 'thrévgh the
scattering medium, If we now determme the ratio of the two components,
seen through the double image pnsm on the observation side we get the

value of p, which is related to p, and pj as "
1 + — ‘ oo
P == .___..1l ‘s . . ¥
. *
1 + — , )

We are therefore in a position to cempare the observed’ values of p, with
those calculated from the value of py-and p, measuned independently. =

6 Mmsvxmmrs OF  pys Py, P, AND:- I IN AG*R-AGA—R GELS OF
Vmous CONCENTRATIONS ' :

o Measurements of Pos pn, P, and.I. thc mtens1ty of transversely scattefed
:vl;ght dunng thesol-gel transmons of agar-g,gar gels of concentrations 0: 05%,
1.0:2%,.0 J{;/,, 1%.and 1-5% were recorded in a series of experiments.

(a) Sol-gel transition. ——The sol preff#red - for:-the- -investigation: is'7at
first maintained at 90° C. for sometime by keeping the test-tube containing
the sol in a hot water-bath and is then cooled to 80%C. by decreasing the
temiperature of the'bath. Itis then maintaimed at the constant temferature

“+80°'C. for about 12 hours. At intervals.of an hour the test-tube containing -
ithe sol'fs‘transferred to’the water cell (Fig. 2) containing water at,802C. for -

a skiott time gnd the intensity of the track viewed at right amgles to.the dfici-
‘dent beam is measared: with the:photoelectric photometer. No changerin
_ ‘intensity:is ‘noticedi even after 12 hours. . After measuring the intensity, .the
. photo-cell: unit is. removed, and : the: double image: prisms are inseried-ay in
Fig. 1 to' measurecthe, values of depalarisation p,, py, p,,- The above ubseyva-
tions of:intenisity and polarisation are repeated at temperatures of 76%C.,
60°C., 50%C.; and #0° L., each tinie bringing the sol from 90%C; :twﬁhe
respective “temperatare - and ‘recording -the variation of intensity with time
keeping the" particular: tempemtusq rconstant. until ‘no‘further .¢Hange® of
intensity is nonoeé!wiﬁmqu the depolarisation valies: ﬁfmakmiﬁwsuﬂéd
N> appreclable changes in 1n§en§_ ty and depolarisation with time are noticed
even after 12° hours at these temperatures above 40°C. Below 40° C.,
_ however, the observatlons are taken at each temperatures down to 30° C.
~For ‘éach ‘of "these ‘bt 3nsithesol: ds first 5oted from 90~ C. ‘to’ 40¥C.
" in’the’ outside -bath- andithe -test-tube: cortainisig:the’ sol:at 40°C., is ‘then
**trn,f‘*rrél’to ths odted Gt ‘eottaining wateriat 40*€Q) The sol, alosig *ith
'th’ water tn ths eater &3ltis ebéied"m thezatiform rate of one-degres-for

£
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taken urml the mtensmes ‘reach thelr maximum constant values and
finally the depolarisatjans #,, px, p, are also r,@corc_led ‘

The sol first becomes highly viscous and then sets to a gel as time- passes,
It will be seen from Tables III to VII that there is no sensible change in the
intensity from 90° Q. to 38°C. For 37° C.and below the intensity increases
with time until it reaches a maximum constant. value at' the patticular: tempe-
rature, time. bemg measured from the instant the sol reaches the patticular
temperature: . At lower temperatures the increase in mtensﬂy is more and
more rap;d,aad the limiting or saturation values of mtensny are also reached
earlier.” Figs 8 to 12 show the vAriation in intensity with time: at different
temperatures for gel concentrations of 0-06%, 0-2%, 0-5%," "o, and 1-5%.
The “final values of intensity for a tygxcal concentration are also shewn by
the portions OAB of the diagram in Fig. 13. - - :

: Gel-sol transformation.—The gel set at 25° C..is slowly heated to different

temperatures and ‘maintained at ‘these temperatures until the values of
intensity -and-depolarisation become steady.. The curve CD:in Fig. 13
shows the final steady value of intensity. at each temperature’ during the
gel-sol transmbn Sumlar curves were obtained for other - concentrations
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also The fmal steady values of depo]ansatlons Pes PH> Py, At dlﬁ‘e,rent tempe-
ratur,cs, J.u'mg thg gg1~sol transition are recorded in Tables VIII to XII.

7 DISCUSSION OF RESULTS

No sénsible changes of 1ntens1ty ér depolaﬁsatlon with time' are noticed
at temperature above 40°C. for all concentrations studied.  However, if
the sols are maintained at coastant temperatures below 40° C. for sufficiently
long time, intensity and-dgpolarisations ‘change over gradually until they
reach “coristant values ‘which: depend upon: the temperatures. . A8 Pos Pu
and I recorded in “Fables IH to. VII are the ﬁnal steady ‘values obtamed at
the vanous (tmperatures. P Loy

It can be seen from Tables III to XII thaf the calculated an obsefved
values of pyjagree throughout the range 1ﬂvest1gated ‘thus vénfy&g the

Knshnan relations :
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-
%ﬁ&tm in- m&ensaty.du:mgl,,thamm fmm gol-gel’ are: contmuous

-showing that the gelatlon is a »continuous process.
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’C'vncemmtton 1:0%

(Obs) JLight .scattnred by

‘!‘\!mpentme ° T », mi) l
°C o o cm. layer of
vin °C. % pok : hute B R 1them;lium
%8 60 3-0 7-3 7-4 2 4 x 1072
130 L5980 30 B = R I P e v
. .85 80 3.0 73 ‘74 | 2.4
40 % 350 - 73 D R 835,
i - He - w349 - A8 8 b 235
50 "85 3.0 7+3 7.3 ' 230 . ,,
-85 . ] 3.0 g ] : THRE i} 280 -,,°
@0 . .85 2.8 88 8.7 ; 2.16 ,,
‘% % 3:1 70 712 104,
%0 90 84 53] {- -2 ) 055 .,
TasLe XII
~Concentrution>1+5%,
? .o . . | Light scattered by
: oém Pu% Pv/e C Pul ‘ A 1 em. lager-of
in °C. . , the modiam
.95 .58 84 ° 22:0 220 3.8 x 162
30 55 L84 19910 FB00 - B8 "
.35 .80 /8.0 20-0 200 37
40 60 8.0 200 1200 366 ,,
- &6 ;B0 L BB *RO=0 ‘2000 34656 ,,
* 50 60 8.0 20-0 20.0 360 .,
55 85 68 1848 PME 3.4
490 @b .88 488 t- 1138 2.8 .
75 54 12-0 ‘13 2.0 ,,
B4 - 50 4.2 TR 88 08 .

Vaiitions' in py—Thé second solumns:in Fables 411 to -VII show that

“pyy decrenses-with ‘decrease inidemperaturesuggesting thut the- size-of the

particles for gels set at lower temperaturesdsthigger. -It!ean-also-be:seen

that py decreases with concentration at.low temperatures showing that for

- jgels set at the same Iow temperature the size of the pamcles mcrmes with
. ‘contentration. A ,

Variations in p,. -—‘I‘he chan,ges occurring in p, wgh decreasé in tempe-
_zature. are very mtermtmg anawm as follows for dfﬁ'erent ‘ranges bf con® -
.. eentration.

(1) -For spls of. concamtatmn 0 06/., 0: 2"/, and 0: 0%, p,, gradudlly

 decreases with temperature, . . s

+A2)-For. 1 sal p, first decreases. and. thqn mcmseseas Ihe tnmyexature

is decreased.

(3) For 1:5% sol p, gradually increases with temperatute.
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This suggests-that in the first case the particles tend to become more

-symmetrical with decrease in temperature while in the second they tend to

grow more symmetrical with decrease in temperature at first but assym-
metry sets in with further lowering in the temperature. At 1-5% .con-
centration the increase in assymmetry of the particle starts right from the
begmmng

Mechanism of sol-gel transformatzon in agar—agar as suggested by the
above results—A consideration of the above mentioned variations in
intensity, py and the‘three types of variations of p, at the different ranges .of
concentration suggests that we have to deal here with two distinct pheno-
mena. First of all we have the solute particles of small size initially, but
tending to increase in' size rapidly. with the fall of temperature, as one
approaches the range of temperatures associated with the sol-gel transforma-
tion. This process may occur in two stages. In the first stage (@) the
particle tends to develop a cloud of H,O molecules which surround it with-
out however actually entering its structure. During. this initial stage the
intensity of the scattered light does not start increasing though the medium

increases in viscosity. In the next stage of swelling; (b) we have also the

actual physical swelhng of the solute particle itself, somewhat analogous to
what happens in osmosis. During this second stage, the intensity of
scattering increases rapidly. In any case it is clear that during the stages
(a) to (b) the individual particle undergoes an increase of size which tends
to make it more symmetrical as is shown by the decrease in p,. The later
increase in p, with further fall of terhperature must be associated with aggre-
gation or coagulation of swelled particles with a tendency. to form jncreas-
ingly unsymmetrical groups. This tendency becomes more pronounced
* 4t the higher ‘concentration -and indeed ‘starts there at the very outset, as is
the ‘case with the highest concentration of 1- 5/, Work on similar. lines
w:th gelatm gels ‘is in progress : _ : v o

' SUMMAKY R “lr

The transm1ss1on from sol to gel and vice versa in agar-aga.r gels His
been investigated by, means “of the new experimental technlque of R.S.

« Krishnan. Intensxty dlstnbutxon of the hght scattered by a one centimeter

layer of the -scattering ‘medium in the horlzontal plane’ ‘with” incident in-
polarised light has been measured by means of an electronic® photometer

during the various stages-of the transmon, and hence the total light scattered .

_in all directions by a centimetre layer of the scattermg ‘medium during the

““tranéition has been caléulated and- expi‘eSSed asa £ract10n of the incident

intensity.
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. The depletion of the light transmitted through various thickness of the
gels has also been measured and shown to be equal to the total light scattered
by the gel. The detailed study of the variations in intensity and depolarisa-
tions during the various transitions from sol to gel and gel to sol suggest,

(1) The R. S. Krishnan relation:
. . 1
1+ P

s
holds throughout the range investigated.

(2) The transition from sol to gel is chargcterised by distinct stages.

(@) The solute particle first appears to. develop a cloud of H,Q molecules
round itself which results in an increase in the viscosity without any sensible
change in the light scattering capacity of the gel. -

(3) The actual particle size then increases as is indicated by the great
+ increase in the light scattering capacity as well as the decrease in the value
of py as compared with the sol. The values of p, indicate that:

(a) The particles grow more symmetrical as their size increases for con-
centrations of 0-06%, 0-2%, and 0-5%.

(b) The particles first tend towards symmetry and later grow more and
more unsymmetrical with incrase in size for the concentrations of 1% while,

(¢) The tendency for the particles to grow more unsymmetrical with
increase in size exists from the very start for concentrations of 1 -5% or more.
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