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Photo-reactions of iodine with lactate, mandelate, tartrate and citrate sensi-
tized by ferric salts have been studied kinetically under light from 1,000
watt incandescent lamp. The results suggest that complex between iron
(ITI) and hydroxy-carboxylic acid is the active photosensitizer. A reducing
intermediate (which may be a radical or radical ion) is produced as a result
of the light absorption by the complex. This intermediate then reacts with
Fe (III) orfand I,. The catalyst Fe (III) is regenerated by the action of
Fe (II) (produced in the reaction) and iodine atoms formed by absorption
of light by iodine molecules.

In an attempt to find out whether salts of any other simple carboxylic
acids react with iodine in a manner capable of kinetic measurements like the
well-known oxalic-iodine photo-reactions, MacMahon and Shrivastav (1946)
observed that there was no appreciable reaction between iodine and sodium
salts of hydroxy-carboxylic acid up to a temperature of 40° C. It was, how-
ever, obgerved, by MacMahon and Shrivastav (1946), that addition of small
quantities of salts of manganese (ous), iron (ous), etc., immediately promoted
photo-reactions of iodine with salts of hydroxy-carboxylic acids. They
considered that the role of iodine in these reactions is to oxidize the metal
catalyst to a higher state of oxidation which then brings about the oxidation of
hydroxy-carboxylic acids.

Recent work of Levesley and Waters (1955) on manganic pyro-phosphate
oxidation of «-hydroxy-carboxylic acids and of Taube (1947) on the manganic
catalysis in oxalic acid-chlorine reaction suggests that there is room for holding
views different from those expressed by MacMahon and Shrivastav (1946) on
these photo-reactions. It was, therefore, considered fruitful to investigate
these reactions.

* Present address : Chemistry Department, University of J odhpur, J odhpu.r,
VOL. 29, A, No. 1,
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EXPERIMENTAL

(@) Material used.—Sodium tartrate, tri-sodium citrate, ferric ammonium
sulphate, iodine, potassium iodide and sodium hydroxide were of B.D.H.
‘AnalaR’ specifications. Lactic acid of Sterling Chemical Reagent of Thomas,
Tyrers & Co. (England) and Mandelic acid of New York City Chemicals Ltd.
were used. All other chemicals used were chemically pure.

(b) Experimental arrangement.—The reactions investigated were extremely
slow if light from a bulb less than 1,000 watt incandeseent lamp at a distance of
30 cm was used. The reactions were, therefore, studied in light from 1,000
watt tungsten incandescent lamp with use of reflectors. This choice of
radiations is rather unfortunate, but what was necessary for the experiments
was to maintain the intensity constant and this was achieved by always running
the bulb at 200 volts, the voltage being regulated by means of  Variac’. 1,000
watt bulb is useful in case of reactions of iodine which absorbs in the visible,
but it gives out considerable amount of infra-red radiations. In the experi-
ments reported here, the infra-red radiations were effectively cut off by using a
golution of 0-2 M CuCl,. The beam was rendered parallel by use of a lens. A
rectangular glass vessel (5 cm X 5 em X 5 cm) with parallel faces was used as a
reaction vessel and the temperature maintained in the range 40-1° C by water
circulation round the reaction vessel. In all the experiments reported here,
except those on variation of light intensity, the distance of the reaction vessel
from the light source was 30 cm.

(c) Procedure.—At the temperature and the conditions of the reactions,
experiments showed that loss of iodine by evaporation was negligible.
No correction was, therefore, applied for loss of iodine by evaporation.
All solutions were brought to thermostat temperature and then mixed in
reaction vessel, algso previously brought to thermostat temperature. Aliquots
were withdrawn at known intervals of time and the reaction quenched by
addition of aliquots to known volume of sodium thiosulphate solution. The
strength of sodium thiosulphate was such as to leave thiosulphate always
in excess. The excess of thiosulphate left was titrated with a standard
solution of iodine using starch as indicator. From the titre values, the con-
centrations of iodine in reaction system at different time intervals were esti-
mated.

pH of reaction mixtures were measured with Beckman pH meter (model
H-2). :

The complexes between iron (III) and hydroxy-carboxylic acids were
investigated spectrophotometrically using Beckman (DU model) Spectro-
photometer.

Rates of photo-reduction of iron (III) in the complexes were followed
spectrophotometrically since Beer’s law was found to be valid.
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ResvLTs

(a) Photo-reduction of wron (111) by hydroxy-carboxylic acids.—Iron (III)
forms complexes with hydroxy-carboxylic acids. It forms 1:2 complexes
with lactic and mandelic acids and 1:1 complexes with tartaric and citric
acids. The lactate and the mandelate complexes have maximum absorption
at 365 my, the tartrate complexes have maximum absorption at 420 mu and the
citrate complex has maximum absorpticn at 350 mu. These complexes are
stable in diffused room light in the pH range 3-0-5-0; but decompose at
measurable rate in the light from 1,000 watt lamp and rapidly in sunlight.
In all cases the rate at which the complex decomposed followed the zero
order law for early stages of the reaction, while towards the end it tended to
conform to the first order law (cf. Bhardwaj and Bakore 1961),

Table 1 summarizes the zero order rate constants for the photo-reduction
of the complexes of iron (IIT) with hydroxy-carboxylic acids.

TAapLE 1
Plote-reduction of iron (II1)-hydroxy-carborylic acid com plexes
[Complex]: 1-0X 10™2  pH: 3:0-50
Temperature: 25° ¢

Complex ~ Fe (- Fe(IID-  Fe(Il)}-  Fe (ID)-

citrate tartrate lactate mandelate
Kyx 108
moles litre ~1 sec =1 187 344 1-07 1-44
Aax (M) 350 420 365 365
120 192 150 110

The photo-reduction of these complexes induced the reduction of mer-
ouric chloride. This indicates that a reducing intermediate is involved in the
photo-reduction.

(b) Stoichiometry.~—It is found that Beer’s law is obeyed for iron (ILI)
complexes of hydroxy-carboxylic acids, i.e. lactic, mandelic, tartaric and
citric. Different volumes of 0:02 M iodine were added to 10 ml of 002 M
complex (obtained by mixing iron (III) and salts of hydroxy-carboxylic acids in
required proportions) and solution made up to 20 ml in each case and exposed
to light from 1,000 watt lamp till all iodine was consumed. From the optical
densities of the complex before and immediately after the reactions were over,
it was possible to calculate moles of iodine consumed for every one mole of
complex, The results are summarized in Table 2.
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TaBrLe 2

Stoichiometry of the photo-reactions

Citrate Tartrate Lactate Mandelate

Moles of iodine

—_— 5-9( .38 -5 .
Moles of complex p90 2:38 153 148

MacMahon and Shrivastav (1946) have identified the produets of oxi-
dation of hydroxy-carboxylic acids by iodine in presence of iron salts. The
observed ratio is compared with the ratio that would be expected for the
products identified by MacMahon and Shrivastav:

(i) Fe{CH(OH )00 ]y* +2:50 [, 4 Ha0 - CHO . COOH 42 (0,
+51" 44 Ht4+ otz
(ii) Fe[CgH(OH){(00)3]46-5 1, ——> CT3. (0 . CIy+3 CO,
+Fete+5HH+71
(i) Fe[CH3CH(OH(00],* +1:53 I, —-» 2 (HyCHO+2 H+
+2C0,+Fet2 437"
(iv) Fe[CaeHsCH(OH)COO0 |yt +1-5 [, ——> 2 (qHg . CHO4-2 H
+2C0y+Fet24+31.

It would be seen that the experimental ratio agrees very well with that ex-
pected on the basis of products of oxidation, except in the case of the citrate.
This discrepancy may be due to the fact that, in the case of the reactions of
citrate and iodine in presence of iron salts, the products of oxidation are
acetone and tetra-iodo-acetone in addition to hexa-iodo-acetone (MacMahon
and Shrivastav 1946).

(¢) Variation of reaction rate with concentration of sodium salt of hydroxy-
carboxylic acid.—1Tt is found that for low concentrations of iron (IIT) (=% 5-0x
1073 M), the rate at which iodine is consumed is independent of the concentra-
tion of the sodium salt of hydroxy-carboxylic acid, provided the concentration
of the salt was in excess of the quantity required for complex formation with
iron (ITI). The rate at which iodine is consumed follows the zero order
rate law. Since the results of the hydroxy-carboxylic, i.e. lactic, mandelic,
tartaric and citric, acids studied are similar, only the results of reactions with
mandelate are reproduced here. Table 3 gives the results on the effect of
concentration of the salt of hvdroxyv-carboxvlic acid (mandelic) on reaction
rate.

(d) Effect of iron (I1I) concentration on reaction rate.-—The effect of iron
(IIT) concentration on the reaction between mandelate and iodine is sum-
marized in Table 4,
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TasLE 3
Effect of the concentration of salt of hydroxy-carboxylic acid on the reaction rate
[Fet3]: 5:0x1073 M  [I,]:50x1073 M

[17]}: 81x1073 M pH:52
Temperature: 25° C

[Mandelate]x 102 Kyx 107
moles litre ™1 moles litre™ ! gec ™1
1-0 1:-80
2:0 1-73
50 1-74
10-0 1-74

A plot of 1/[Fe*®] against 1/K, (cf. Fig. 1) gives a straight line. The
rate constant is, therefore, related to the concentration of iron (III) by the
expression

__ K[Fet3]
o= At e
This suggests that complex between iron (III) and hydroxy-carboxylic acid
is involved in the reaction.

TABLE 4

Effect of iron (I11) concentration on reaction rates

[Mandelate] : 10-0X10"2M  [I,]: 501073 M
I7]: 81x107% M  gH: 52
Temperature : 25° C

[Fot¥]x 10% Kyx 107 8
moles litre™  moles litre™! sec™! 1/[Fe*?] 104/ K,
2-50 1-08 400 925
5-00 1-74 200 575
10-00 2.31 100 433
20-00 2.72 50 387
25-00 2.89 40 348

The results with other hydroxy-carboxylic acids are similar for lower
concentration of iron (ITI) (=< 5-0x 10~® M), but at higher concentrations of
iron (ITI) (=2 1-0x 10~2 M), the rate constant linearly decreases with time; in
such cases initial rate z/t at ¢t =0 is obtained by extrapolation of plot
of x/t against ¢t (Fig. 2) (cf. Taube 1947).
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F16. 1. Variation of rate constant with concentration of iron (III).
ProTo-REACTIONS OF IODINE WITH MANDELATE SENSITIZED BY IRON (ILI)
[Mandelate]: 10-0X 10~-2 M [Ig): 5-0x10-3 M
f1-]: 81x10-3 M  pH: 5.2
Temperature : 25° C
(e) Variation of reaction rate with concentration of iodine.—Although the
order with respect to iodine comes out to be zero, the value of the zero order
rate constant is found to depend on the initial concentration of iodine used.
The results with all hydroxy-carboxylic acids examined are similar and hence
only the results for mandelate and iodine reaction are summarized here, as a
representative data, in Table 5.
TABLE &
Varsation of reaction rate with concentration of iodine
[Fet?]:25x10"2M  [Mandelate] : 50x 10~ % M
[(I-]:81x10"° 3 pH:352
Temperature: 25° C

[X5] jnitieq X 10° Kyx 107 104K,
moles litre ! moleés litre ™! seo™!
500 2-89 346
3-34 4-08 245
2:50 513 195

2-00 6-45 156
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The results show that the variation of the zero order rate constant with
initial concentration of iodine may be expressed as (cf. Fig. 3):
_ 1
@+ Leliigar

One explanation of this increased reaction rate with decreased concentra-
tion of iodine may be the operation of equilibrium

K,

L+H,0<~HIO+H* 41

if it is assumed that HIO is involved in reaction steps. Another factor, which
may increase the reaction rate at lower concentration of iodine, is that the
amount of light absorbed, and the rate of production of free radicals, is
varied, which is the quantity pertinent to the rate law (cf. Hochhéuser and
Taube 1947).

800
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7004

650!
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7000 7000 3000 4000 5000 000

Fra. 2. Variation of rate with time.

ProTo-REACTIONS oF lopINE WITH LACTATE SENsiTiZED BY TRon (IID),

[Lactate]: 2:0x10"2 M  [Fe (III)]: 1-0x1072 M
[To]: 80x1073M  [I-): 81x107 %M
pH: 3-8 Temperature: 26° C

(f) Effect of iodide ion conceniration on reaction rate.—Iodide ions retard
the reaction rate. A plot of inverse of rate constant when plotted against
iodide ion concentration gives a straight line. Results with all other hydroxy-
carboxylic acids are similar. Table 6 gives data on the effect of iodide ion
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concentration on reaction rates in case of mandelate-iodine reactions (cf.
Fig. 4).

400
350
300
2501 (1K) X 10"
200
150
100

50
[ )oraw X 10°

] 2 3 4 5

F1a. 3. Variation of rate eonstant with initial concentration of iodine.

Proro-REACTION OF I0DINE WITH MANDELATE SENsITIZED RY IRON (IIX)

[Mandelate]: 5:0x10°2 M  [Fe (IID]: 2-5x 107 M
(17]: 81x10"* a2z  ,H: 52
Temperature : 25° C
(g) Effect of pH on reaction rates.—Increase of pH increases the reaction

rate. Table 7 records the effect of pH on the mandelate-iodine reaction.
Results with other hydroxy-carboxylic acids are similar.

TaABLE 6
Effect of sodide ion concentration on reaction rates

[Fe]*®. 2.5x 1072 M  [Mandelate]: 5-0X 102 JI
[o]: 50x10°%M  pH: 52
Temperature : 256°C

[1-1x 108 Kox 107
1 1 10¢/K,
moles litre moles litre ™~ sec
810 2:89 346
58-10 2:63 380
108-10 2:48 403

168-10 2:34 428
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(k) Effect of intensity of light.—The light intensity was varied by changing
the distance between the reaction vessel and the light source. Table 8 re-
cords the results on the effect of intensity on mandelate-iodine reaction.

a0}
420+
(/K x 10"
400t
380+ )
360}
340}
{rix 1o
36 ) ) ) T R T I VT R

F1c. 4. Effect of iodide ion concentration on rate constant.

PHOTO-REACTION OF JODINE WITH MANDELATE SENSITIZED WrrH IroN (I1I)

[Mandelate]: 5-0x 10-2 A [Fe (III)]}: 2:5x10-2M
[Ts]: 50X 10-38 M pH: 8.2
Temperature : 25° C

TaBLE 7
Effect of pH on reaction rates
[Fo*3]: 25x10"2M  [Mandelate] : 50x1072M

}: 50x10730  [17]: 81x1073 M
Temperature : 26° C

H Ko
L moles litre ™! gec~1
5-2 2-89
4.6 2-24
34 1.43
2:b 1-06

A plot of lbg (intensity) against log Ko gives a straight line (of. Fig. 5).
The results show that the rate varies as 0'7th power of the intensity of light.
Results with other hydroxy-carboxylic acids are similar.

(i) Variation of reaction rates with structure of hydroxy-carboxylic acids.—
The rates of photo-reactions of iodine with various hydroxy-carboxylic acids in
presence of iron (III) salts are summarized in Table 9.
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TABLE 8
Effect of light intensity on reaction rates
[¥et3]: 25%10°2 M  [Mandelate] : 50x 10-2 A7

fIo]: 5010732 [1-]:81x10-32¢
Temperature : 25°C

Distance (d) Intensity (= 10%/d?) Kyx 107
cm arbitrary units moles litre =1 sec~!
30 111-1 289
55 33-06 14-1
80 15-62 8-08
130 5-917 411
t4f
i3F
12 /!
Vs
v
log K-8 /)
10 //
o9}
(o] d
07t
log (inzensi:y}
05 T IR R T s A

F16, 5. Effect of the intensity of light on reaction rate.

Prorto-REAacTiON OF I0DINE WITH MANDELATE SENSITIZED BY IRON (III)

[Mandelate]: 5:0x10=-2 Af [Fe (II)]: 2-5x10=-2 M
[Te]: 5-0x10-30M [I-]: 81x10-3 231
pH: &2 Temperature : 25° C

The reaction rate follows the order
lactic acid > tartaric acid > mandelic acid > citric acid.

It is interesting to note that in all the cases the rate of reaction is less than the
rate of photo-reduction of iron (IIT) in absence of iodine (cf. Table 1).

7
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TABLE 9
Effect of structure on reaction rates
[Fet?]:1.0¢10°2 M pH: 35

[I]:50x10° %M [I-)]:81%x1073 M
Temperature: 25° C

Tartaric Citric Lactic Mandelic
acid acid acid acid
Initial rate X 107
moles litre™ ! sec ™! 3.98 102 780 120
Discussion

That there is no appreciable photo-reaction between iodine and salts of
hydroxy-carboxylic acids in absence of iron (I1I) ions, suggests that reaction
between the hydroxy-carboxylate ion and iodine atoms does not proceed at
measurable rate. The fact that photo-reduction of iron (III) by hydroxy-
carboxylic acids induces reduction of mercuric chloride indicates that a re-
ducing intermediate is involved in the reactions. The active photo-sensitizer
in this case may, therefore, be a complex of iron (III) and hydroxy-carboxylic
acid. Evans and Uri (1949) found that iron (III) ions in presence of citrate
ions under conditions of pH in which the concentration of Fe(OH)** is
minimal show photo-reduction of iron (III) ions,and polymerization occurs.
It is suggested that the reducing radical HCit™ is produced by absorption of
light by the complex (Fe*®.HCit™%). This agrees with the suggestion that
complex of iron (III) and hydroxy-carboxylic acid is the active photo-sensitizer
and produces a reducing radical by absorption of light.

MacMahon and Shrivastav (1946) observed that the end solutions, after
all iodine had been used up photo-chemically, were usually found to contain
the metal catalyst in a higher state of oxidation than that originally employed.
This would indicate that iron (II) ions produced by photo-reduction of iron
(1II) react with iodine atoms, produced by absorption of light, at a measurable
rate. This would also explain the fact that rate of reduction of iron (III) in
presence of iodine is slower than that in absence of iodine (cf. Tables 1 and 9).

The general features of the mechanism which operates in the photo-
reactions of iodine and hydroxy-carboxylic acids in presence of iron (III)
may than be indicated as follows:

Let the hydroxy-carboxylic acid be represented by the general formula
RCH(OH)COOH and its iron (III) complex by the formula
7B
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RCH(OH)COO~Fe*? or [RCH(OH)COOFe]*2.

K,
Fet3+ RCH(OH)COOH — [RCH(OH)COOFe[+2+H*

K,
[RCH(OH)COOFe]*2 «—r RCH(OH)COOFe+2
d

Iy+hy —> 2T

K,
(1) RCH(OH)COOFe+2 ——> RCH(OH)+ Fe*2+4CO,
K,
(2) RCH(OH)++[RCH(OH)COOFe]*2—->RCHO+RCH(OH)COO- + Fe+2 4+ H+

Ky
(3) RCH(OH)+1I —-> RCHO+I+H*41-

K,

(4) Fet241 —— Fets84-1-

() T42T —> Ty~

The iodine atoms are inactive radicals, unable to abstract hydrogen atoms
from reacting materials (Semenov 1958). The reaction between iodine atoms
and the radical RCH(OH) may, therefore, be ignored.

The product RCHO may undergo further oxidation and iodination, in
case of tartaric acid and citric acid, probably by the following scheme

Tartaric acid
R.CHO is OHC.CH(OH)COOH — CHO.CH(OH) ~~— CHO.CHO —— CHO.COOH

Citric acid
CH.;.COOH CH,g CHI, CI,
I | |
C=0 — (C=0—C=0—C=0
| | I I
CH,.COOH CH, CHI, Clg

K, is the fraction of light absorbed and is given by (I—e™%"), where K is
the absorption coefficient ; 7, the path length and ¢, the concentration of the
absorbing species. If absorption of light is nearly complete (I—e ") =¢1;
on the other hand if the absorption of light is not complete (I—e™**) =~ Kle.
In the present system the complex and iodine are the absorbing species and
hence K, is much less than unity. This makes K,Io=<[complex] I,. The
absorption of light by iodine, its dissociation into atoms and the participation
of iodine atoms (reaction 4) on a comparable scale with other reactions will
account for the fact that the reaction depended on a power of light intensity
lying between 11 and 10 where I is the light intensity.
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If it is assumed that a steady state with respect to iodine and the re-
ducing intermediate is rapidly reached, and if the rate of consumption of
iodine is much in excess of the net rate of consumption of the catalyst Fe (III),
then it is easy to see that the rate of consumption of iodine will be given by—-

d1,)

~3r = k [complex] T,

At lower concentrations of the catalyst the rate of consumption of catalyst is
comparable with the rate of formation of the catalyst by the reaction (4) and
the concentration of the complex is practically constant. This gives zero order
rate constants for the rate of reaction of iodine. At higher concentrations of
the catalyst Fe (III), the rate of consumption is much faster than its rate of
formation by reaction (4) and hence under these conditions the concentration
of the complex decreases with time. This results in the decrease in the value of
zero order rate constant with time. This has been observed in the case of
photo-reactions with citrate, lactate and tartrate, but not in the case of
mandelate. This would indicate that in the case of mandelate the rate of
consumption of catalyst is comparable with its rate of formation even at
higher concentrations of iron (III).

Decrease in the concentrations of iodine will increase the value of K,,
the fraction of light absorbed by the complex. This would result in the
increase of the rate of formation of the radical RCH(OH) and the rate of
consumption of iodine. Todide ions will bring about retardation by operation
of reaction (5).

Change in pH will affect the concentration of the complex, because of the
equilibrium (cf. Landford and Quinan 1948):

Fet34-RCH(OH)COOH = {RCH(OH) COOFe]*‘2+H+

Increase in H ion concentration will decrease the equilibrium concentration
of the complex and hence the rate of formation of radical RCH(OH) and the
rate of consumption of iodine.

The rate determining step in the above mechanism is the production of
the radical RCH(OH) and its reaction with iodine. The efficiency of light in
producing the radical from the various hydroxy-carboxylic acids will be more
or less the same. The rate will, therefore, depend on the efficiency of the
reaction between iodine and the radical produced by different hydroxy-
carboxylic acids. JTodine is an electrophillic or electron seeking reagent
(Hammet 1940) and will attack a point of high electron density. The reaction
between RCH(OH) and iodine may be pictured as follows (cf. Walling 1957):

RCH(OH)+Iy ——> R—C—H(OH)  —> RCHO+H*4I-41.
{ (+I)
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Changes in the substituent R will affect the electron density at carbon in the
radical RCH(OH); and hence the rates of reactions will be different for
different substituents R.

It is more convenient to discuss the effect of substituents on reaction rates
with respect to lactate and mandelate. Replacement of CH; by Ce¢H; in
mandelate will reduce the electron density at carbon in C¢Hs. CH(OH); as a
result of this the rate of reaction with mandelate is expected to be slower
compared to the rate observed with lactate. This is borne out by the results.
The differences in reaction rates with different hydroxy-carboxylic acids mnay,
therefore, be due to the operation of polar effects discussed above.
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