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INTRODUCTION

Prior to about a half century ago, existing methods for quani-
tative detection of boron were sensitive enough only for the macrorange
of boron concentration. With the introduction of the curcumin colori-
metric method at the turn of the century, a potential tool for mlcro-
range determination of boron was in the hands of the analytical chemist.

Throughout the last fifty years or so after the introduction
of the method, much work has been done in modifying it for various
different situations, but very little atudy has actually been done on
better understanding the mechanism of the method ltself.

With mechanism gnd structure in mind, the aim of this research
project was to investigate the role played by the varlous reagents used
in the curcumin spectrophotometric method. The reagents were used in
varied concentrations and at times some eliminated entirely, in the hope
that a greater understanding be gained in the overall mechanism followed
by the reaction.

One of the major objectives was to try to determine the structure
of the colored substance formed in the reaction. A step towards this goal
was gained by obtaining molar ratios of the entitles suspected to be an
intricate part of the colored substance.

Most of the studies made were studies of absorption using the
visible range of the spectrum (550 millimicrons) where the colored substance
was found to absorb at its maximum. A photoelectric colorimeter could have
been used instead of a spectrophotometer, however the resolution and

precision would not have been as great.



A potentiometric titration study was also carried out so as
to gain greater insight into the preliminary reaction occurring between
boric acid and oxalie acid prior to the addition of curcumin in the
fingl color forming step of the method.



HISTORICAL

The practical importance of boron in relation to agriculture
is one of the recent findings of sclence. The reason why this fact
remained obscure to science and mankind was in part due to the lack of
dotection of the minute quantities of borbn to be found in the soils and
plants of the universe. Up until the turn of the century, methods exist-
ing for quantitative detection of boron were sensitive enough only for
the macrorange of boron concentration. Sinoé the concentration of boron
in plans and soils are confined to a narrow range and in general, the
concentration of-boron in the soil should not exceed a few parts per
million, a micromethod for the determination of boron was desirable.

It will suffice to mention at this point that the early methods
for quantitative analysis of boron were chiefly gravimetric or volumetric,
the latter bveing the more rellable and accurate of the two. Cravimetric
methods were not reliable because a sparingly soluble stoichiometric
compound of boron shich could serve as a basis for gravimetric detection
was not available. (11) All wlumetric methods in general follow a
similar pattern in which the pH of a boron solution is adjusted with sub=-
sequent addition of a polyol and titration with a standard strong base (k). r

vWith a need for ;method for microdetermination of boron, the
colorimetric methods were investigated. Of the colorimetric methods the
two most widely employed and investigated were those in which quinalizarin

and curcumin served as the color foming reagent.
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The quinalizarin method was found to be the more rapid and
less subject to interference by other trace elements, while the curcumin
method the more sensitive of the two. In the quinalizarin method (17)
quinalizarin reacts with boric acid in concentrated sulfuric acid giving
a colored substance which is used as the basis for analysis.

Sinoe the work which will be presented in this research project
is mainly concerned with the curcumin method, a brief historical review
of the origin of the use of curcumin as a boron detection tool and the
subsequent important modifications and applications of the method shall
be presented, ’

Curcumin, 1,7-bis(l~hydroxy=3-methoxyphenyl)~l,6=heptadiene,
has as empirical formula C,,H;00g. It is an unsaturated hydroxy-ketone
and is the coloring principle of curcuma (turmeriec) i.e. the dye from
the rhizones of curcuma tincturla, which fluorishes in the East.
Commercially curcumin is extracted from this dye by a series of organic
extractions. (7) Curcumin still finds a limlted use as a dye for silk and
is also used as an indicator (gives a brown color with caustic alkali and
red coloration with boric acid).

By means of infrared studies, Spicer and Strickland {24) con-

firmed the enol structure of curcumin given by Ghosh (9)

MeO\ /MeO
S V/ammany
HO _..(\/ N\ .CH:CH.C(OH) sCH.CO.CHCH << \>_OH
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The accepted structure of curcumin (keto form) given by Yoe and Sarver

(28) and most of the recent investigators is given as:

MeO\ ' Me0

H0~ .CH:CH.CO,CH,.CO.CH:CH, ¢/ \ _OH
N/

Curcumin in the keto form resembles acetyl acetone of which it most
certainly appears to be @ derivative.

Curcumin was first used in a colorimetric method for boron
determination at the beginning of the century. In 1902, Hebebrand (11)
devised a colorimetric method depending upon the formation of & red color
upon the addition of turmeric to a water-alcchol solution containing boron
and hydrochlorie acid. In the same year Cassal and Gerrans (L) revised
the method somewhat introducing oxalic acid which was found to increase
the sensitivity of the method considerably.

Another modifier of Hebebrand's method at about the year 1915
vas Filippi (8). He modified the method so &3 to eliminate sources of
error due mainly to the varying composition of the curcumin used in the
tests. Filippi modified the mothod as follows: to better establish the
different intensity of colors he took up the residue containing curcumin
and boric acid with 2 ml. of 90% ethyl alcohol pipetting it into very narrow
test tubes of the same capacity and then observed the color which he claimed
persisted wmodified for 12 hours. |

The turmeric or curcumin method actually became popular when the
method was revised further by Bertrand and Agulhon (2)., Their method was

essentially a paper method in which the concentration of boron present in



a sample wasg proportional to the length vhich the colored compound
formed between boron end curcumin in a strip of turmeric paper would
travel by caplllary sction along the length of the paper.

Halphan (10) ecame ont with hia method a short while after
Bertrand and Agulhon introduced their peper mnthod in 1913. His method
consisted in collecting boric acid as methyl borate in 0.2 rl. of IV
sodium hydroxide solution. Ths golution was then evaporated %o drynsss
in a small test tube and the residue digssolved in 1 ml. of water plus
2 nl. of hydrochloric acid. Standarda containing known amounts of borios
arid vere gimdlarly treated. To each sample was then added 1 ml. of an
ethyl acetate solution of turmeric and the resulting red colors were
compared after SO minutes.

Numerous other investigators studled the Bertrand and Agulhon
method extensively 4n the years to follow adding s1light modifications of
thoir own but tho method romained essentially the game.

It was not until 1939 that Naftel (16) came out with modifications
of tha Cagsal and Gerrans method (L). This modification 4is probably the
most popular curcundn procedure used to this date. This is tho method with
some modification vwhich ig followed in this research project. Essontially
it involves making the boron 3ampls basic with caloiwn hydroxide followed
by evaporation of the sampls to dryness. An alcoholic solution of oxalie
acid and curcumin along with hydrochloric acld is then added o the cooled
sample and evaporated further to drymass on a water bath. The residue is
then extracted with ethyl aleohol and compared with known standards.



Naftel's method has been used quite extensively and has received
some modifications from later investigators. Silverman and Trege (22 )
dissolved the ocurcumin dye in carbitol-acetone, which solution is siable
for months, and used phenolphalein to control the acidity. They used
sodium carbonate instead of calcium hydroxide in the preliminary drying
step.

, Winsor (27) extracted boron from fresh plant tissue and
snalyzed the boron present in mioroquantities by another modification
of Naftel's method.

Hegedus (12), after a eritical review of vsrious methods based
on the formation of rosocyanin from yellow curcumin under the influence of
free boric acid, presented his modified method. It conaisted of adding
2 ml. curcumin reagent (prepared by dissolving 0.1 g. curcumin in 100 ml.
glacial acetic acid saturated with oxalic acid.) The solution was then
evaporated to dryness on a water bath and the residue dissolved in 20 ml.
of ethyl alcohol. The amount of boron present was then determined from
the color intensity after illumination for 3 mimutes. He found that F,
T4, Zr, Mo, Be, W, in large amounts interfored with the test. Oxidising
agents such g3 nitrate, chlorate, bromate, iodate, or nitrite should be
reduced if present, to prevent the oxidation of curcumin. The method is
most suitable for establishing the boron content in mineral waters of low

boron content. The method is sensitive for a range of boron from 0.5 to 8

mlorograms.



Bottini (3) used still another modification of the curcumin
method using a basic instead of ecidic media. He acidified a boron solu=-
tion with acetic acid and added 2 ml. of & 0.1% curcumin solution. After
evaporation on & steam bath he separated the excess curcumin by washing
with ethyl ether until the washings were colorless. The residue was then
treated with methyl acetate (100 ml. methyl acetate + 1 ml. 0.25N potassium
hydroxide). The solution obtained was then compared with standards. The
method gave good results in the microrange with a sensitivity of 1 microe-
gram.

Rynascewlcz, Sleeper and Ryan (20) extracted boron from sodium
chloride with ethyl alcohol and estimated the boron present colorimetrically
vaing curcumin, Although 0.5 micrograms of boron can be measured by their
method, an increment of only 1 microgram of boron can be detected in concen~
trated sodium hydroxide by their method. Their procedure is also a modi-
fied version of the Naftsel method but 13 much longer and drawn out.

In 195} Troug and Berger (26) presented a simplified curcumin
procedure of that used by Naftel for plant and soil analysis which r equired
only one evaporation and filtration.

Martin and Maes (14) replaced the cmcentrated acid used by Naftel
with a 111 mixture of glacial acetic acid and acetic anhydride.

With the realiszation of the powerful deoxidiging ability of elemental
boron, its strong =ffinity for many gases, potentlal as a fuel for special appli-
cations, excellent insulating possibilities, neutron absorbing ability and

that it could possibly replace welghtly lead and concrete as protection
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around nuclear reactors, boron research intensified and numerocus methods
of determining boron appear in recent literature, many for boron and cur-
cuniin: gompounds. Among these some may be mentioned at this point dealing
with nodiflcations of the curcumin method applied to particular cases.

Staple, Marshall, Nelson, Simon (25) developed a method for
determining boron in TFg-UFg. Thelr method consists of evaporation,
dissolution of the boron containing substance in an aleoholwoxalic acide
hydrochloric acid solution and then additlon of curcumin with subsequent
spectrophotometric analysis.

De Abinati and Pacques (17) emphasize that it is eritically
important that the drying time be constant in the colorimetric analysis of
boron in uranium compounds and in graphite by means of the red color formed
by the action of borie acid on curcumin in the presence of oxalic acid.
They state that color intensity is higher with shorter drying periods.

Silverman and Trego (22) determined boron colorimetrically
(ourcumineoxalic acid method) in vranyl chloride solution without prior re-
moval of vranium. They claimed that the interfsrence ascribed to the presence
of uranium lies in the fact that uranium preferentially combines with the
available oxalic acid. Therefore if a sultgble excess of oxalic acid is
added, the uranium forms a soluble uraniumecxalate complex which need not

be removed.
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Rynasiewlcz and Consalvo (19) describe a procedure for the
analysis of boron in 7% U~Zr alloys containing approximately 0.015% boron.
They fused fine metal chips from the alloy with sodium carbonate. The
melt was dissolved in water and then made slightly alkaline, filtered and
evaporated to dryness. The boron was then leached from a slurry of the
salt using 95% ethyl alcohol and then determined colorimetrically by
the curcumin method.

Not much has been done on a study of the curcumin method itself,
that is in determining the optimum conditions necessary for maximum sen-
sitivity and the effects of varying the conditions of the reaction. Also
very little is known about the actual mechanigm that the reaction follows.
(This is the major aim of the work presented in this thesis.)

Among the first investigators of the curcumin method were Clarke
and Jackson (6) back in 1908. They made a study of rosocyanin, the red
substance formed by the action of boric acid on turmeric paper (curcumin).
They claimed that rosocyanin and curcumin were merely isomers (C, H;,0.),
only that one of the two hydroxyls of curcumin was modified, probably to
an oxide form in rosqcyanin. They found that aqueous alkali in the cold

converted the curcumin into rosocyanin. They found that white wool was dyed
blue by the rosocyanin reaction and alkald. They heated curcumin with boric
acid and sulfuric acid in alechol, and when this was poured into water
rosocyanin was obtained. This was then purified by washing with ether and
reprecipitated from alcohol by dilute sodium chloride solution. No boron

was found in rosocyanin and analysis and molecular weight determination in=-
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dicated the formula to be C,H;404. It formed a purple powder with
metallic yellowish=-green reflex. They found further that curcumin and
boric acid in the cold poured into ether ylelded an addition product of
the two, decomposed by water forming rubrocuroumin C, H;04, & vermilion
powder, unstable on standing at 240 degrees centigrade or upon heating with
gsulfuric acid, forming rosocyanin.

Silverman and Trego (23) made & study of the effect of oxalic
acid by varying its concentration and holding everything else constant.
They found that 2 ml. of a 5% solution to be the beat working concentra=-
tion of oxalic acid for a study of boron in the range of 0.0 to %0 micro-
grams of boron. They also made a study of the hydrochloric acid concentra-
tion and found poor results were to be obtained if a great excess of acid
were uged. They used sodium carbonate to neutralize the acidity and give
a solution of residusl alkalinity. They claimed that if the solution were
not alkaline then significant emounts of boric acid (probably metaboric acid)
would be lost by volatilization in the primary evaporation step of the
curcumin method. Inatead of extracting the residue with 25 ml. ether
alcohol they used acetone.

Troug and Berger (26) stated that curcumin dissolved in ethyl
alcohol gave a solution that 1s Aatrongly yellow in color while the product
of the curcumin<borate reaction, rosocyanin, is of a deep red color, giving
the test solution & reddish hue. To show that curcumin and rosooyanin are
spectrally separable, the absorption curve of each of the two pure substances
dissolved in ethyl alcohol was determined using a Beckman DU spectrophoto~
meter. They noticed that the absorption peak for msocyanin falls at
approximately 480 mu. Curcwmn did not absorb light over the range of
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maxirmm absorption of rosocyanin thus eliminating an absorption effect
due to excess of reagent in the determination of boron.

Troug and Berger (26) state that Hafford (Ph.D. Thesis, Univerw
sity of Wisconsin 19)2) suggesta that the rosocyanin is probably formed by
a loogse combination of the borate with one of the hydroxyl groups of the
curcumin molecule.

Yoe and Sarver (23) point out that beryllium, aluminum, iron,
girconium and magnesium form colored lakes with curcumin. Kolthoff (13)
showed that these lake formations take place in alkali solutions. The
excess of oxalic acid pregsent in the regular curcumin procedure for boron
prevents by solution the formatlion of these interfering lakes, according to
Kolthoff,

Yoe and Sarver (28) postulate that curocumin probably acts in one
of two ways with boront (a) the hydrogens of the end hydroyls may be re-
placed by an equivalent of metal, where upon a ring is closed by coordina=-
tion with the oxygen of the o~methoxy group (b) it may act like an enoligable
acyclic diketone since it &lso resembles acetyl acetone in structure.

Troug and Berger (26) point out that rosocyanin slowly hydrolyzes
to curcumin, hence all colorimetric readings should be made within two hours
after solution of the colored residue in alcohol.

Spicer and Strickland (2);) working on a macro scale did some work
in eluecidating the structure of the compounds formed in the reaction between:
(a) boron and curcumin, (b) boron, curcumin and oxalic acid, discussing

the probable mechanisms involved in the two reactions.
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Rosocyanin, the compound formed when curcumin and boric acid
react in the presence of a minecral acid, has been shown by the two ine
vestigators to contain two curcumin molecules coordinated around a boron
atom associated with one equivalent of an anion. The probable structural
formula and electronic configuration of the molecule have been suggested
by them on the basis of spectrophotometric and ion exchange studies. They
also claim tohiyeisolated the red compound formed when curcumin reacts
with boric acid in the presence of oxalic acid and have called this
compownd rubrocurcumin. The substance is shown to be a compound of
curcumin, boron and oxalate in a lsltl ratio. Using gnalytical re-
sults, absorption spectra etc. they suggested a structure similar to
that of rosocyanin but containing the curcumin molecules Joined by a
boro=oxalate bridge. They claimed further that if both oxalic acid and a
minergl acid are present then a mixture of rubrocurcumin and rosocyanin
results, although the yield of the former greatly exceeds that of the
latter when the two acids are present in equimolar quantities. Observed
also was the effect of water in inhibiting the formation of both rubroe
curocumin and rosocyanin but its effect was most marked on the yield of

the former.
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EXPERIMENTAL
I. Apparatus

Beckman Model B Spectrophotometer « Abgorbance reé.dings were obtained

at a wavelength of 550 millimicrons (in mostcases) and pyrex cells were
used. Ethyl alcohol was used as the standard in sbsorbance measurements
but at times a blank containing all of the experimental reagents minus
boron was substituted.

Beckman Model H2 Glasz Electrode pH Meter = Al)l pH measurements

and potentiometric tltrations were carried out uging this meter exclusively.
A Bocknan pH solution (pH = 7.0 + 0.1) was used to standardize the ingtru-
nent prior to each serles of measurements.

Water Bath - For all work requiring dryings at 55° * 3°C. a water
bath degigned to maintain a constant tempsrature was used. This bath was
degigned so as . to hold a dozen porcelain evaporation dishes and to keep
water vapor away from samples being evaporated,

Hot Plate « A three temperature range control hot plate was used for
all preliminary dryinga using the low heat position so as to minimize
splattering.

Centrifupe ~ A motor driven centrifuge was used in separating any
regldue in the aleoholic extract;ions before spectrophotometric measuree

ments.
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Miscellaneous Apparatus - Soft glass uas used in all cases in which

glassware was required. Porcelain dishes were used for the reaction cone
tainers. Polyethylene bottles were used for storage of boron solutions.
Volumetric flasks were used for preparation of the curcumin solutions and
other reagents required. ° A 50 ml. burette was used in conjunetion with the

PH meter in the potentiometric titrations.

II. Reagents
Reagents - Reagent grade chemicals werc used when necessary or possible,

Standard Boron Solution = A stock solution was prepared containing

100 micrograms of boron per ml. by dissolving 0.5716 gms. of boric acid
in water and diluting to one liter. Dilute solutions of boron were pre-
pared from this stock solution.

Calcium Hydroxide Solution = A .1N calcium hydroxide suspension was

prepared by dissolving 1.853 g. of solute in water and diluting to 500 ml.

Curcumin Solutlions - Solutions were prepared by dissolving 0.1 gram

of Eastman curocumin in 1000ml. of either acetone or 95% ethyl alcohol de=
pending on which modification was being studied. Solutions were prepared
fresh before use.

Oxalic Acid Solution = An sceione or .95% ethyl alcohol solution

containing .2 g. oxalic acid per ml. acetone was prepared by dissclving
20 g. of di-hydrated oxalic acid in 100 ml. acetone or 95% ethyl alcohol

depending on the solvent being studied.



Hydrochloric Acid = A 1sl solution of hydrochloric acid was pre=

pared by mixing equal volumes of concentrated hydrochloric acid and water.
Ethyl Alcohol = The alcohol used throughout was 95%.

Acetone = Reagent grade.

Orpanic Acids - Eastman organic chemicals were used throughout when

a study was made of various organlec scida substituted in place of oxalic
acid.
Alcoholic Sodium Hydroxide « A 1N solution was prepared by dissolving

2 g. of sodium hydroxide pellets in 95% ethyl alechol and making it up to
800 ml. in a volumetrie flask with the 95% alecohol.

Acid Potassium Phthalate = Primary Standard uvsed to standardize the

alooholic sodium hydroxide. It was previously dried in an oven before use.



III. Preliminary Investigation

Powell and coworkers (18), did a great deal of work to
elucidate the mechanism of the reaction involved between boron=-curcumin
and oxalic acid. Evidence obtained by them indicates that the red color
of the curcumin method is that of a l-l-1 boron-curcumin-oxalic complex.
They also found that oxalic acid sensitimes the method, mainly because
oxalic acid increases the rate of reaction and permits equilibrium to be
reached before the reaction is frozen by lossof reaction medium. They
pestulated a complexation between boron and oxalic prior to the main
reaction with curcumin., Also studied by them was the ability of other
materiagls, substituted in oxalic acid's place, to sensitize the reaction.

Because of the importancevof adherence to Beer's Law and wave~
length of maximum absorbance it was decided to check these points as part
of the first phase of this project.

The modified Naftel procedure used was as follows: to a boron
sample (present as boric acid) in a small porcelain evaporation dish was
added 1 ml. of a O.I1N Ca(OH), suspension. This mixture was then evaporated
to dryness on a hot plate using the lowest heat poasible so as to avoid
splattering and consequent loss of some of the boron. To the cooled residue
was then added 1 ml. acetone containing 0.2 g. oxalic acid, 0.2 ml. 1«1 HC1
and finally 2 ml. of & 0.1% curcumin solution (.1 g. curcumin/100 ml. acetone).
The solution was then evaporated to dryness on a water bath maintained at
55° + 3°C. and heated at this temperature for an additional 30 mimutes

after complete dryness was observed. The colored residue was then



extracted with 25 ml. of 95% ethyl aleohol, the resulting solution
centrifuged and the absorbance measured at a wavelength of 550 millie
microns using ethyl aleohol as reference solution to set the sero of
the instrument.
A. Determination of Wavelength of Maximum Abgorbance

To determine the wavelength of maxirum absorbance a 2 micro-
gram sample of boron was placed in a porcelain dish and run according to the
procedure on page 17. Using s sensitivity of L end ethyl alcohol as the
standard the absorbance was measured in the wavelength range of 175 to 675
millimicrons, taking readings at increments of 25 millimicrons. The re-
gults are shown in the following table,

TABLE I

Haximim Wavelenpgth Determination

Wavelength
(millimicrons) Absorbance
k75 Inf.
500 0.78
525 1.00
550 1.02
575 0.42
600 0.10
625 0.05
650 ' 0.09
615 0.05

A maximum absorbance was recorded at 55 millimicrons in agreement with
previous investigators.
In subsequent work a wavelength of 550 millimicrona was used

exclusively for absorbance measurements.
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B, Verification of Adherence to Beerts Law
Solutions containing 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 micrograns
of boron were treated according to the modified Naftel procedure discussed

on page 17. Duplicate samples were used throughout.

TABLE II

Adherence to Beer's Law

Reference solution = Ethyl Alcohol
Sensitivity - L
Wavelength = 550 millimicrons

Boron
(micrograms) Absorbance Averapge Abgorbance
0.0 0.365 0.335 0.350
0.5 0.495 0.485 0.450
1.0 0.625 0.615 0.620
1.5 0.760 0.760 0.760
2.0 0.890 0.900 0.895
2.5 0.960 1.110 1.040

Resultss

When micrograms boron vs. average absorbance wre plotted, a
straight line is obtained as shown in Figure 1. This linear relationship
between absorbance and micrograms of boron in the range 0.0-2.5 micrograma
of boron is proof that Beer's Law 1s followed in that low boron concentra-
tion range.

It should be pointed out here that the method described here
glves very good reproducibility for a series of samples run at a particular
time, but the absorbance values for solutions containing thessme amount of
boron have been found to vary when run at different times. Therefore for

work where greater than average precision is required in quantitative work,
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a standard curve should be prepared at the time and under the same condi-
tions as the unknown samples whose boron 6ontent is to be determined.

The cause of this variation in absorbance cannot be justly
explained by one variable alone, but is caused by several varisbles. To
mention & few the atmospheric conditions of the day can be one of the
variables influencing the rate ofevaporation. It has been found in much
of the preliminary experimentation with the modified Naftel Method that
ghorter evaporation periods at 55°C. glves slightly greater absorbance
readings. Consequently a hot dry day should favor quicker drying pericis
and correspondingly slightly greater sbsorbance readings. Curcumin ite
self is another variable to be considered. If the curcumin reagent is not
freshly prepared but used after several days, it will cause the absorbance
to be decreased somewhat, probably because there is some decomposition
occurring when the ocurcunin is in solution.

It also appears that oxalic acid's activity decreases with the
age of the solution.

IV. Determination of Function of the Various Reagents

Because of the great advantage to be gained in the interpretation
of a possible mechanism of thebd oron-curcumin reaction and also of elucida-
ting of the structure of the colored substance formed, a study was made of
the function of the various reagents used in the curoumin reaction.

By greater understanding the function and effects of varying or
totally eliminating some of the reagents, a keener knowledge of the mode

of reaction was hoped to be gained.



Also included in this section of the project is a kinetic in-
vestigation of the reaction. Though the kinetic study was not as success~
ful as hoped in elucidating the mechanism of the reaction, it did, however,
give important generalizations regarding effects on the overall reaction
when reagent quantities were varied or held constant depending on the situa-
tion being investigated. Since the kinetic study wasmore successful as a
reagent study than on actual mechanism gtudy, it is incorporated more
appropriately under this heading,

A, Action of Oxalic Acid and Organic Acids

Oxalic acid is quite effective in increasing the sensitivity of
the curcumin method, but little is actually known about the mechanism of
ite action. ' A possibility is that oxalic acld forms an intermediate complex
with boric agcid prior to the color forming reaction with curcumin. The
complex formed between boric acid and oxalic acid should have little strain
due to the planar structure of boric agcid in which the 3 hydroxyl groups
are separated by angles of 120°. Diol compounds, such as oxalic scid with
hydroxyl groups on adjacent carbons have been found to react readily with
boric acid even in aqueous solutions whereas heto compoundas react to an
appreciable extent in non aqueous solvents. A five membered ring should
thus result from the interastion of boric acid and oxalie acid. The
oxalic-borate complex resulting is probebly more susceptible to complexation

(or chelation) with curcumin than boric acid would be alone.
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To gain greater insight into the effect of oxalic acld and ‘o
investigate other acids as substitutes for oxalic acid, a study of their
effect on the sensitivity of the reaction was first atarted by Powell and
coworkera (18) and continmued in this study. The acids used were selected
on a hasis of similarity to oxalic acid or because of various substituted
groups which might show effects of slight changes in structure.

Since the main advantage in using oxalic acid in the Naftel type

method used in this project is to increase the sensitivity of the method,
a comparison of individual runs using several different organic acids was
made. The comparison was made against a run in which no organic acids
wag introduced at all. Absorbance readings were obtained from the final
alcoholic extracts using the procedure on page 17. Absorbance readings
were then plotted (y coordinate) vs. micrograms of boron (x coordinate) and
the slopes of tho resulting curves obtained from the relationship slope = g-.
By subtracting the slope of the standard curve, in which no organic acid
was used, from the slope of a particular oarganic acld run, a "I¥ value
(D = terdency to sensitizé for the particular organic acid run was ob-
tained. This "D" value could have & positive value or negative wvalue,
depending whether the organic acid sengitized or desensitized the method.
Egsentiglly the same procedure was used for all the organic aclds investi-
gated. Solutions containing 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 micrograms of
boron were prepared and treated in porcelain dishes with 1.0 ml. of 0.1N Ca(OH),

and evaporated to dryness. To the dry, cooled residues was added 1 ml. of
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acetone or ethyl alcohol containing 1.59 millimoles of the particular
organic acid being investigated. The value 1.59 millimoles of oxalic
acid was arrived at by Powell (18) as the quantity of oxalic acid which
gave the optimm absorbance reading for a particular lguantity of boron.
8ince it was desirable to compare the organic acids to oxalic acid ite
gelf, the same molar quantities of organic sclds were used in each
particular run.

Next were added 0.2 ml. 151 HCl and 2 ml. of 0.1% curcumin
solution. (The curcumin solution used was made by dissolving .1 g.
curcumin powder in 100 ml. acetone or 95¢ ethyl alcohol, depending on
vhere the organic acid was dissolved in acetone or ethyl alcohol. The
resulting solution was then evaporated to drymess on a water bath at
55° + 3°C. with an additional 30 minute standing period after the solu=
tions reached complete dryness. The residues were then extracted with
25 ml. of 95% ethyl slcohol, the extracts centrifuged and subsequent
abgsorbance readings obtained at a wavelength of 550 millimicrons using
ethyl alcohol as a standard.

Since most of the acids were not too soluble in acetone, ethyl
alcohol was used as the solvent in most cases. When the organic acids
vere found to be not too soluble'in elther acetone or ethyl alcohol, a
solution for this problem was to dissolve the 1.59 millimoles of organic
acid and the required gmount of ocurcumin together in 3 ml. of either
acetons or ethyl alcohol. This solution was successful in all the
difficult cases cncountered. This 3 ml. method was used mostly in the

cases of aromatic acids with relatively high molecular weights.



Effect of Various Aclds on Slope of the Curcumin Standard Curve

-2 -

TABLE III

Acld

Oxalic Acid

Tartaric Acid
o=Phthalic Acld
Phthalic Anhydride
Salicylic Acid
Acetyl=-Salicyclic Acid
2,5«Dihydroxy benzoie
2,Li«Dihydroxy benzoic
p-Hydroxy bengoic acid
Gallic Acid?t

Y Values Acig®
+* 0.237 Formic Acid
+ 0.004 Acetic Acid
+ 0.00Y4 Propioniec
- 0,033 Butyric
+ 0.017 Caproic
+ 0.012 Oxalic Acid
+ 0.052 Malonie
+ 0.01 Succinic
+ 0.012 Adipie
+ 0,177 Trichloroacetic
Dichloroacetic
Monochloroacetic
=~Chloropropionic
=Chloropropionic
Maleic
Fumaric
Benzole
Phenylacetic

Acetone standaxd curve slope = 0.0450

Ethyl alcohol " "

* 0.0478

1,2,3~Tricarboxylic propanc
Citric

Mandelie

Aconitic

Ardnoacetic

Glyoxal

Mercaptoacetic

npn Values

131
099
o046
.050

112

0251
.00
.101

.

-

2

-
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888588
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o0
288
Vil Oh

L]

- 0.122

1
Gallic acid when extracted with 25 ml. EtOH gave a yellow=green solution
instead of the usual yellow to orange=-red solution.

]
Regults in this column from W, A. Powell's Tech. Quarterly Report for
Callery Co., Callery, Pa. 1956.
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From the above results it is readily seen that the best acids from
the standpoint of increasing the sensitivity of the modified Naftel method
are oxalic, trichloroacetic, 5enzoio,‘f§rmio and 1,2,3=tricarboxylic propane.
Gailic acid is not here included since when the dried residue of the 55° +
3°C. drying was extracted with ethyl alcohol it gave a yellow-green solution,
unlike the other acids extracted. Thus a direct comparison with the other
acids cannot be made.

It must be remembered that the comparisons were made using con=
ditions optimum for oxalie acid; possibly some of the other sclds could be
‘better under other conditions.

Going through the above list of acids, it can readily be seen that
some are mono-aclds, dieacids and trieacids.

In the mono=acid group it can readily be seen that with an increase
in acidic strength of the acid, complexation ig favored more with boric acid.
Thus trichloroacetic has a greater "D" value than dichloroacetlic acid and
monochloroacetic acid respectively.

In the die=acid group, chelation with boric acid rather than mere
complexatlion seemed to be favored. Thus any group of aclds that form relatively
strain free rings with boric acid should sensitize to a greater extent, Of
all the dieacids oxalic acid hag the highest "D" value which is easlly undere
stood when ring formation is considered. The action between oxalic acid and
boric acid gives rise to a 5 membered ring. Theoretically any scid which would
in a gimilar way glve rise to a 5 membered ring as oxalic acid does, should

be ideal as a gensitizer. Malonic acid, which has an additional carbon more
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than oxalie, upon chelation with boric acid should give rlse to a 6 membered
ring which is less strain free than a 5 membered heterocyclic ring. This
eéxplains certainly why its "D® value is less than that for oxalic acid.

Size seems to be quite important also regarding the organic
acld. Most of the aclds that were investipated in this project were much
bulkier than those investigated by Powell (18). Thus almost all of the
"Dt values obtained in my work were much smaller than those cbtained by
Powell due to steric hinderance which would result. The intermediate
chelate fomed between the dieacids and boric acld would be less susceptible
to direct attack from curcumin than would be the case for a less bulky
organic acld. The extra two coordination positions on the boron would
probably be covered up or shielded away from the attacking curcumin by
the bulky part of the organic acids chelated with boric acid.

The importance of steric hinderance can also be observed in
the case of :malelc and fumaric acid. The carboxylic groups of maleic
are cis to each other and therefore chelate more readily with boric acid
than does fumaric acid, in which case the carboxylie groups are trans to
each other.

B. Variation of Reagents in the Color Forming Reaction

After the first drying carried out cn the hot plate in the modie
fied Naftel procedure for boron determination, a white precipitate, of
calcium borate is formed. Boron 1a thus stabilized and less gubject to loss
on heating in this atate, In the following step of the reaction, namely
during the water bath evaporation at 55°C., the color forming step of the

reaction occurs.
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Entering into this color formation reaction with the calcium
borate are four reagents which play an intricate role in some mamer in
the formation of the colored substance. Acetone, oxalle acid, HC1l, anmd
curcumin *ogether or alone actupon the calcium borate to produce the
colored subgtance, All seem to have a definite role, though of not
necessary equal importance in the overall plcture. Five different rums,
all aimed at solving a certain phase of the boronwcurcumin reaction
mechanism were carried out. Two of the color forming step reagents,
namely oxalic acid and HC1 were eliminated entirely in some of the runs.
HC1 in one particular »un was varied in concentration while the remaining
reagents were held congtant. S8till in another run HC1 was added to the
final alcoholic extract ingtead of in its customary spot, namely in the
color forming step.

For all the runs, 2 micrograms of boron were previously treated
with 1 ml. 0.1N Ca(OH), and evaporated to dryness on a hot plate using
low hegt.

The color developing reagents were then added as indicated below
and evaporation continued at 55° + 3°C. followed as usual with subsequent
extraction with 25 ml. of 95% ethyl alcohol. The pH was also measured for
each alcoholic solution, to note any radical change in hydrogen ion concene
tration, and gbsorbance readings obtained using ethyl alcohol as the
reference solution.

To the hot plate residues the following reagents were addeds
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Run 1

1 ml. acetone

no oxalic acid

no 1l:1 HC1

2 ml. curcumin solution (.1 g. curcumin/100 ml. acetone)
Run 2

1 ml. acetone

no oxalic acid

0.2 ml. 121 HCL

2 ml. curcumin solution (.1 g. curcumin/100 ml. acctone)
Run 3

1 ml. acetone (containing .2 g. oxalic acid)

0.2 ml. 11 HCL

2 ml. curcumin solution (.1 g. curaumin/100 ml. acetone)
Run )y

1 ml. acetone {contalning .2 g. oxalie acid)

vary quantity of HC1l from 0.2 to 2.4 m.e., (millieequivalents)

2 ml. curcumin solution (.1 g. curcumin/100 ml. acetone)
Run §

1 ml. acetone (containing .2 g. oxalic acid)

add 0.2 to 2.4 m.e. HC1l to the final alcocholic extract

2 ml. curcumin solution (1 g. curcumin/100 ml. acetone)

Absorbance neasurements were carried out at wavelengths of 450 through

700 millimicrons. Ethyl alcohol was used as the standard,



Wavelenp

L50
L75
500
525
550
575
€00
625
650
675

pH

Run i = Variation of HC1l Added in Color Forming Step
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TBLE IV

Run 1

Infinity
Irlf‘
0.136
0.0L46
0.025
0.017
0.0l
0.01}
0.01)
0.01L

9.5

TABLE V

Run 2

Inf.

Inf.

0.381
0.335
0.328
0.157
0.0l
0.022
0.019
0.017

4.0

Acid sdded
(milli eq.)

Wavelength
(millimicron)

150
L75
500
525
550
575
600
625
65C ¢
615

pH

0‘2

Inf.
Inf.
1.05
1.30
1.22
0.8
0.11
0.05
0.0
0.04

2.4

0.4 0.6

Inf. Inf.
Inf, Inf.
0.95 0.9,
1.17 1.10
1.05 . 1.02
0.40 0.40
0.20 0.12
Q.05 0.07
0.0 0.66
0.04 0.06
2.3 2.4

0.8 1.0
Absorbance

Inf. Inf,
Inf. Inf,
0.86 0.62
1.00 0.58
0.95 0.56
0.36 0.30
0.10 0.17
0.06 0.1,
0.05 0.14
0.05 0.13
2.3 2.1

1.5

Run 3

Inf.

Inf.

0.930
1.190
1.200
0.470
0.103
0.045
0.040
0.044

1.8

1.8

2.4

Inf.
Inf.
1.02
1.28
1.22
0.49
0.12
0.06
0.06
0.05

2.3
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. Pun 5 - Variation of HC1 Added to Final Alcsholic Extract

Acid sdded

(milli eq.) 0.0 0.2 0.4 0.6 0.8 1.0 1.5 1.8

Wavelength

(millinmicron) ‘ ' Absorbance
) Inf. Inf. Inf, Inf.  Inf. Inf. Inf. Inf.
L78 Inf. Inf. Inf. Inf. Inf, Inf. Inf. Inf.
500- 0.32 0.32 0.35 0.3 0.39 0.h2 0.36 0.40
525 0.2, 0.2, 0.26 0.25 0.31 0.3 0.32 0.3l
£50-- 0,22 0.26 0.26 0.23 0.27 0.31 0.20 0.29
5715 0.08 009 0.10 0.09 0.11 0.14 0.13 0.15
600 0.02 0.2 0.0y 0.03 0.04 0.05 0.05 0/03
625 0.01 0.01 0.02 0.02 0.03 0.0 0.03 0.07
650 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.06
6715 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.06
pH 2.3 2.7 1.6 1.k 1.3 1.3 1.2 1.0

In run 1 with no oxalic acid and HC1l added no maximum is reached and

2.4

Inf.
Inf‘

0.35

. 0.26

0.24
0.11
0.04
0.03
0.03
0.03

0.9

also no apprecisble increase in absorbence is obtained at a wavelength of 525 to

575 millimicron indicating that no chelation seemed to occur when these two
reactants are both absent.

In run 2 with HCl but no oxalic no maximm is reached either.
There 18 however an increase in absorbance indicating that there is some
complexation occurring between the boric acid~ and curcumin in the presence
of the mineral acid. In run 3 with HCl and oxalic acid both present chela=
tion definitely occurs with the chelate absorbing at its maximum at 525
to 550 millimicrons.

In run )i the water effect is evident from the addition of 0.} m.e.
to 1.0 m.e. of acid. The quantity of acld in the range of 0.2 to0 1.0 m.e. was
pipetted from a 1N HC1 stock bottle and therefore as the guantity of acid
added was increased from O.h m.e. to 1.0 m.e, the amount of water containing

this acid also increased.
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TABLE VII

Boron Samples with Addition of Ca(OH)g

Milliequivalents of 1-1 HC1l Added Absorbance pE
0.001 0.80 2.20
0.01 0.85 2.15
0.02 0.97 2.15
0.10 1.00 2.10
TABLE VIII

Boron Sample without Addition of Ca(OH)g

Milliequivalents of 1-1 HCl Added Absorbance o2
0.001 0.055 2.30
0.01 0.061 2.20
0.02 0.056 2.18
0.10 0.058 2.10

From the results of Tables VII and VIII, it is evident from the
absorbance readings that Ca(OH)g is definitely necessary in order to
prevent loss of boron for the final alcoholic extracts of the colored
substance formed in the modified Naftel reaction. When Ca(OH), is not
added, a great deal of the boron present as boric acid is probsbly lost
during the hot plate evaporation. Contrary, with addition of Ca(OH),,
boric acid is stabiligzed with Ca(OH); to form a calecium borate precipi~

tate which is stable during the evaporation process.
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D. The Effect of Hydrochloric Acid

In the preceding study of the effect of Ca(OH), addition in
the modified Naftel resction, there was evidence of an increase in
absorbance as 1-1 HCl additions were increased from .00l to .1 m.e.

In order to determine what quantity of HCl would give maximum sbsorbance
when used in conjunction with 1.59 millimoles of oxalioc acid (.2 g./ml.
acetone), the quantity of HCl added to various yuns was varied from

001 to 3.6 m.e. (in .2 ml. HO).

Runs were made with and without addition of 1.59 millimoles
of oxalic, When oxalic was not used, 1 ml. of acetone was added never~
theless. Samples of 2.5'microgram boron were used throughout end the
modified Naftel procedure followed as usual. Absorbances were measured

at 550 millimicrons with ethyl alcohol as reference.
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determined. Although this kinetic investigation did not prove to be
as successful as hoped, several important generalizations were deduced
from the various rate studies made.

The rate studies were carried out during the water bath evapora=
tion stage of the reaction when the actual complexation seems to occur.

As a preliminary step several samples containing 2 mlcrograms
of boron were placed in individual porcelain dishes and treated in the
normal way, that is 1 ml. of Ca(OH), was first added to the inditidusl
dishes and evaporated to dryness on a hot plate at low heat. To the
cooled individual residues was then added 1 ml. acetone containing .2 g.
oxalic scid, 0.2 ml. 1-1 HCl and 2.ml. curcumin solution (.l g./100 ml.
acetone). The resulting solutions were then placed on a water bath
(55° + 3°%.). The samples were then removed from the bath at 5 mimute
intervals and cooled on ice far below the water bath temperature so as
to stop any further reaction from occurring to any appreciable extent.
The cooled samples were then extracted with 25 ml. of acetone instead of
95% ethyl alcohol so as not to complicate things with another solvent.
Absorbance of each sample was then measured as soon as possible at a

wavelength of 550 millimicrons using acetone as reference.



TABLE X

Variation of Absorbance vs. Time During Water Bath Evaporation

Tine gmin.z Absorbance
10 0.20
15 0.36
20 ' 0.62
25 0.58
30 0.60
35 0.61
ﬁg 0.60
50 0.60
5] 0.62

v From the above absorbance data it is seen that the major portion
of the color forming reastion is complete after 20 minutes. This time also
corresponds approximately to the time required for the solutions to reach
dryness on the water bath at 55°, It can be obgerved from the dbéve re=-
sults that the additional 30 mimites standing period at this temperature is
not strictly essential since the absorbance readings do not change appreciably
during this additional stand-by period. From a standpoint of speed, the
drying periods could be shortened by at least 20 minutes with the loss of
very little sensitivity. Where accuracy is more desirable than speed, the
additional standing period is desirable.

As a further step a kinetic study was cartied out using the same
reagents except for oxalic acld which was eliminated completely. In the
place of oxglic acid 1 ml. of acetone containing no oxalic acid was added
to the residue of the hot plate drying. Absorbances were found to be much
lower than in the case where oxalic acid sensitizes the method considerably.

Additional standing of the residues before extraction seems advisable when
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oxalic acid is not used. Absorbance readings increased from a value of
0.157 after 20 minutes to 0.200 after approximately 50 mimutes.

Next a study was made on the rate of the reaction for 3 different
boron concentrations, 0.5, 1.0, 2.0 micrograms. The reagents used were
the same and oxalic acid was again added to the procedure.

No correlation between concentration and time of reaction could
be deduced from the sbsorbance readings cbtained.

The effect of increasing the amount of oxaliec acid added to the
dry residue of the preliminary drying (hot plate) was also studied.
Quantities of 50 micromoles, 100 micromoles and 1.59 millimoles of oxalic
acid were added to the residues in three separate runs respectively. From
absorbance values obtained, evidence again pointed to the fact that the
sensitivity was greatly inoreased by addition of larger and larger quantities
of oxalic acid. The optimum value of oxalic acid was not determined having
previously been found to be 1.59 millimoles by Powell and coworkers (18).

As a final step to the kinetic studles, the effect of curcumin on the re=
action was studied., Three runs were agsin made using 2 micrograms of boron
and varying the curcumin added (100 micrograms, 500 micrograms, 2 milligrams).
The other reagents were used in thelr usuval quantities. Absorbance resdings
were noticed to incorease with the use of larger amounts of curcumin but not in
the gsame order of magnitude as in the case of larger additions of oxalic

acid. Unfortunately a simple relationship between concentration and time

was not evident in any of the rate studies made. All evidence, however,

seems to indicate that the reaction is not a simple order reaction but is

complicated due to several independent variables.
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V. Determination of Mechanism of Reaction

As the final stage of this project, the molar ratios of boron to
curcumin and boron to oxalic acid were investigated in order to supplement
the l=l-l boron=curcumin~oralic acid data obtained by Powell and coworkers
(18). Pinally along with data obtained from s pH study involving boron
and pxalic acid in conjunction with a non-agueous potentiometric titration
investigation of the borone-oxallc acid asystem, a possible explanation of
‘the mechanism of the modified Naftel reaction was attempted.

An explanation regarding the structure of the colored substance
formed during the reaction was also sought.

A. Molar Ratio of Boron to Curcumin

A stuly was made t 0 determdine the rolar ratio in which boron and
curcumin combined (in the absence of oxalic acid) using Job's methed of con=
tinuous variation (5). Job's method is a most important investigation tool
in order to gain a greater insight of the molar ratio of the color substance
formed in the borone-ocurcumin reaction. Powell and coworkers (18) using
this method, found that boron and curcumin in the presence of oxalic geid
combined in a 13lsl molar ratio.

It was recognized early that a characteristic color is one of
the moat important and distinguishing features of chelate compounds., In
recent years a simple colorimetric method has been used to determine the
composition of chelate compounds in solution. This technique is called

Job's method of continuous variation (5).
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Consider the formation of a chelate compound ABn where A i3 a
. metallic ion and Bvis a chelating agent.

A43B =AB
K= (ABn)
where n ® number of chelating
(A) (B)? groups

where the quantities in bracketa represent molar activities which may be
taken approximately equal to molar concentrations. If the restrictions
(A) + (B) = C 18 imposed where C is a constant, it can be shown readily

that when concentration AB, is & maxiwmum then

or the first derivative of ABn with respect to A 18 equal to gero.

d (aB))

d (4)
In other words, for a constant total concentration of metal A and chelating

- (¢]

agent, the concentration of chelate is greatest when the metal and chelating
agent are brought together in the same molar ratios in which they exist in
the ehelate. If the chelate is the only colored substance present, the
optical density of absorbance of the solution is proportional to the chelate

concentration. Hence a plot of absorbance vs. composition of the solution
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under the restrictions imposed would give & curve with a maximum at the
composition corresponding to the formula of the chelate, The method is
not generally applicable to systems in which more than one compound is
formed.

In Powell's work the total number of moles was held constant
at 0.926 mioromolesland the mole percent boron varied from 20 to 80%.
Since the absorbance of the colored aspecles in tha sbsence of oxalie
acid is much less than when oxalic acid igspresent, it was declded to
use a larger total molar quantity. A total molar quantity of L.63 micro-
moles was chosen after several trials as an ideal quantity to work with,

Twelve samples were then run in duplicate with the boron con=
tent ranging from 20 to 80% of the total moles. To the required amount
of boron in porcelain dishes was added 1 ml. of O.1N Ca(OH),. The re=
sulting solution was then evaporated to dryness on a hot plate. To the
cooled residues was then added 1 ml. acetone, 0.2 ml. 1:1 HCl and the
required curcumin made up in 2 ml. of acetone. The resulting solutions
were then evaporated to dryness in a water bath at 55° 1.3'0. letting the
dried residues stand an additional 30 minutes after complete dryness was
obtained. The residues were then extracted with 25 ml. ethyl alcohol, the
solutions centrifuged and gbsorbance readings obtained at 550 millimicrons
uaing ethyl alcohol as a reference solution. The dats are shown in Table

XI and Figure 2,
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TABLE X¥
Joh!'s Method of Continuous Variation

; 4 Micrograms %

Boron Boron Curcumin Curcumin Solution Absorbance
20 10.0 80 1.6 ml. diluted to 2 ml. 0.62
25 12.5 75 1.5 ©® " LA 0.94
30 15.0 70 1.4 ® " LI 1.00
35 17.5 65 1.3 n LI 1.22
10 20.0 €0 1.2 ¢ " LI 1.62
L5 22.5 55 1.1 » u LA 1.92
50 25.0 50 1,0 = " LI 2.00
€0 30.0 L0 0.8 " LI 1.02
65 32.5 35 0.7 » " non 0.90
70 35.0 ‘ 30 0.6 n # n " 0.60
75 37.5 25 0.5 n u n " 0.hh
80 10.0 20 Oy L " " 0.2

A atock curcumin solution was prepared by dissolving 0.1853 g.
curcumin in 50 ml. of scetone. Each 2 ml. of solution contained l;.63
micromoles of curcumin. The curcumin required for the above runs was
pipetted from the stock bottle and diluted with acetone so as to use a
total of 2ml. curcumin solution.

When total moles boron was plotted vs. absorbance it was readily
seen that a maximum occurred at an absorbance reading of 2.00 which corres-
ponded to a 13l boron-curcumin ratio.

Thus we concluded that as in the case of boron-curcumineoxalic
system so aiso in the boronecurcumin system in vhich no oxalic acid was
used & l:l molar ratio is obtained for boron and curcumin.

B. Determination of the Boron=Oxalic Acid Molar Ratio

The boron=oxalic acid molar ratio was next determined by varying
the total quantity of oxalic acid while maintaining boron constant in

several runs. As a preliminary step the total volume of acetone giving
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meximum gbsorbance without oxalic mcid was determined. This amount of
acetone was then used to contain the amount of oxalic acld being investi-
gated. The following scheme was followed:t To 2 micrograms of boron in
porcelain dishes was added 1 ml. 0.1N Ca(OH)y and evaporated to dryness

on a hot plate. To the dried and cooled residues was added acetone in
varying amounts from 1 ml. to 12 ml. to each of the individual dishes.
This was done in order to determine what volume of acetone would give
maximum absorbance., MNext were added 0.2 ml. 1:1 HC1l and 2 ml. of 0.1%
curcumin solution in acetone and the resulting solutions were evaporated
to dryness on a water bath held at a constant temperature (55 + 3°C.).

The residueg wore then left on the water bath an additional 30 minutes
after complete dryness was reached and then extracted with 25 ml. of ethyl
alcohol. After the resulting solutions wers centrifuged, absorbance read=
ings were measured. Vhen the volume at which maximum absorbance was
determined, it was then used in subsequent runs to dlssolve oxalic acid
which was then varied while the other reagents were all held constant..
Absorbance readings vere again taken and maximum absorbance indicated

at what nolar ratio boron and oxalic acid combined.
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2.0 x 10°® . Boron

BT 5. Tmote Dovon » 0.18 mieromoles boron

20 x 10°8 g, Oxalic
90 g./mole Oxalic

C. Potentiometric Titration Study of the Boric Acid~0Oxalic Acid Reaction .
in a Non-Aqueous Medium

s (0,22 micromoles oxalic

A potentiocmetric titration study of the reaction between boric
acid and oxalic acid was next carried out. A 0.0981N NaOH aleoholic
solution was prepared by dissolving 2 grams of NaOH pellets in 50 ml.
ethyl alcohol. The resulting alkaline solution was then standardized
against 0.8976 g. of acid potassium phthalate using phenolphthalein as
indicator. The standardized base was then used as titrant in the
potentiometric titration of solutions of otalic acid and mixtures of
oxalic and boric acids. From the titration it was hoped that the extent
of reaction, if any, between oxalic and borie acid could be determined. Also
from pH measurements during the titrations a knowledge of the type of com=
pound formed between oxalic and boric acids was hoped to be gained,

Initislly 50 ml. of ethyl alcohol containing 0.5 millimoles of
oxalic acid was placed in a porcelain casserole and titrated potentiometrically
with the 0.0981N NaDH. pH readings were then recorded after additiomns of
increments of 0.5 or 1 ml. of the standard base. A plot was then made of the
pH ve. ml. of NaOH added. To another casserole was added the same amount of

oxalic acid as above plus 5 millimoles of boron in ethyl alecohol. The initial
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volume Was held constant as above at 50 ml. with the addition of ethyl
alcohol. This solution was then titrated in a similar manner and again
PH measurements were pletted ws. ml. NaOH added.

Finally 1 millimole of oxalic acid and then a solution of 1
millimole oxalie acid plus 0.5 millimoles of bornn wera titrated in an
analogous manner as above with NaOH.

TABLE XIV

Potentiometric Titration Data

0.5 Millinoles Oxalic Acid va. 0.0981N NaOH 0.5 Millimoles Oxalic 0.0981H
% 5 millimoles boron V8. NaOH

ml. NaOH Added pH ml. NaDH Added pH

0.0 3.70 0.0 L.00

1.0 .00 1.0 .35

2.0 L2 2.0 L.48

3.0 L .40 3.0 .80

L.o L.88 ;.0 8.22

L.5 5.59 4.5 9.10

5.0 6.950 5.0 9.30

5.5 7.88 5.5 9.40

6.0 9.00 6.0 9.42

7.0 10.80 7.0 9.50

8,0 11.29 8.0 9.51

9.0 11.48 9.0 9.53

10.0 11.58 13.0 9.62

11.0 11.71 18.0 9.81
12.0 11.72



TABLE XV
o Potentiometric: Mtration Data . «
1 Millimole Oxalic Acid vs. 0.0981NNaOH 1 Millimole Oxalic 0.0981N
, + 5 Millimoles boron ‘o' NaOH

ml. NaCOH E}_l_ ml. NaDH pH
0.0 .0 0.0 3.30
1.0 %.3 1.0 3.35
2.0 3.48 2.0 3.57
300 3'55 3'0 3-70
4.0 3.69 4.0 3.82
5.0 3.88 5.0 ;.02
6.0 .05 5.5 Lh.20
7.0 4.31 5.0 L.32
7.5 .48 7.0 5.09
8.0 L.61 7.5 8.30
8.5 1.89 8.0 9.02
9.0 5.28 8.5 9.30
9.5 7.60 9.0 9.35
10.0 9.70 10.0 9.39
11.0 11.02 11.0 9.41

12.0 11.29

13.0 11.31

18.0 11.33

From the preceding results and from a study of figures L and 5
we may postulate that the compound formed between boric acld and oxalice
acid is a neutral species and not a positively charged compound. P

A) 0= (=0 B) |[0=C=0_ 0=C=0
| _B~0H and not ! _B !
OwC w0 iO w0 e 0~-Cw»Q

H+
is formed since from an observation of figures L and 5 we can see that
initially upon addition of boric acid to oxalic acid the pH is greater

than when oxalic acid is present alone at the start of the titrations.

If compound B) were formsd the initial pH of the solution containing the
borén and oxalic acid mixture should be much lower (more acidic) than the

pH of the oxalic acid solution alone since compound B) is a stronger acis

than oxalic acid alone.



TABLE XV

- Potentiometric: T™tiration Data ‘
1 Millimole Oxaliec Acid vs. 0.0981NNaOH 1 Millimole Oxalic 0.0981N

+ 5 Millinoles boron '°°  NaOH
ml. NaOH Eﬁ ml. NaDH pi
0.0 . 0.0 3.30
1.0 3% 1.0 3.38
2.0 3.8 2.0 3.57
3.0 3.55 3.0 3.70
4.0 3.69 h.O 3.82
5.0 3.88 5.0 L.02
6.0 L .05 5.5 L.20
7.0 L.31 5.0 L.32
7.5 L .48 7.0 5.09
8.0 L .61 7.5 8.30
8.5 L .89 8.0 9.02
9.0 5.28 8.5 9.30
9.5 7.60 9.0 9.35
10.0 9.70 15.0 2.39
11.0 11.02 11.0 9.1
12.0 11.29
13.0 11.31
18.0 11.33

rom the preceding results and from a study of figures L and 5
vwe may postulate that the compound formed between boric acld and oxalie
scid is a neutral species and not a positively charged compound.

s

A) 0=C =0 B) |0=GC=0_ _0=-C=0
| p-oH and not I BY

0= C=-0 |o®wGc=-0" "0-Cm=0

~ A

H+
is formed since from an observation of figures L and 5 we can see that
initially upon addition of boric acid to oxallc acid the pH is greater

than when oxalic acid is present alone at the start of the titrations.

If compound B) were formed the initial pH of the solution containing the
bortn and oxalic acid mixture should be much lower (more acidic) than the

pH of the oxalic acid solution alone since compound B) is a stronger acid

than oxalic acid alone,
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‘ This is also another proof that boron and oxalic acid combine
in a 1=l ratio before complexation with curcumin. If compound B) were

formed this would involve a 1-2 boron=oxalic complexation prior to the

main reaction with curcumin.

From the two curves of oxalic acid titrated with NeOH there is
evidence that the monoester of oxalic acid 1s formed when oxalic acid
is dissolved in ethyl alecohol. FRaberification betwsen oxalic agcld and
ethyl alcohol is not complete however and therafore the titration with
NzOH is actually a £itration of the monoester. This explains why there
is only one bregx in the titrating curves when we would normally have
expected two if we were titrating oxalic ecid as such.

Certainly evident from the titration curves involving the mixture
of boric and oxslic acids, is a definite shift in curve breaks with respect
| to the titration curves for the solutions containing oxalic acid sloye.

This is conclusive evidence of a definite reaction occuring between boric

and oxalic acid (or ester).  The following are the possible mechanisms that
‘ could occur in the reaction between boric and oxalic acid (or monocester of

oxalic acid).

1. Molecule of Oxalic Acid + Molecule of Boric Acid

0=C«0H HO OmC-0_
l + B-OH — J B-OH + 2H,0H
0O C~0H HO O=C=0"



2. Monceater of Oxalic Acld 4 One Molecule of Borie Acid

| + B=OH > | _B~OH + HOH + C,HgOH
0=( - 0H HO” 0= -0

3, Two Molecules of Oxalic Acid + One Molecule of Borlc Acid
~

0=sC-0H HO_ HO-C=Q0 |0=C-0 0«C=0
| * B-QH + b- B H+

OmGC=-0H HO™ HO-C®O |OwC~0" ‘0-Cw0 + HOH

3. has been ruled out as improbable from the potentiometric
study carried out in this section.
The fcllowing is the probable mechanism occurring during the

modified Naftel reaction for Boron determination which can now be deduced.

!
C ?,
i
0OeC=0 0sC  » OwC=0 _0OsC
| B0+ . ‘H — | < 1
0=C 0/ HC O'C-O/\O HC(; + H+
- t
O=G \G + HOH
7 | !
H* G c
| h
c

The hydrogen lon from the 1=1 HCl acts as catalyst serving to
initiate the chelation process. The hydrogen ion goes: to one of the
oxygens of the carbonyl groups of curcumin. This gives the carbonyl carbon
a resgidual plus charge. In order to recompensate for this electron unbalance,
8 hydrogen from the carbon between the two carbonyls of curcumin is lost
leaving its palr of elsctrons to ald in rebalancing the electron unbalance
created by the catalytic action of the hydrogen ion initiating the resction.
A double bond is thus formed between the carbon and the electron deficient

carbon of the carbonyl.
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SUMMARY

In the present regearch project an attempt has been made to deter-
mine the mechanism of the reactlon followed in the curcumin spectro=-
pbhotonetric method for boron determination using a modification of
Naftel's method,

The reagents taking part in the reaction were studied by varying
their concentrations and often omitting soms entirely.

The use of Ca(0H), was proved to be essantial in the method.
Without it some of the boron as boric acid escapes during the prelimdnary
hot plate drying. The Ca(OH), tends to form a non=volatile calcium
borate residue during the hot plate drying.

Several other organic acids were studied as pogsible gubstitutes
for oxalic, but none was found to be more sultsble than oxalic acid as a
gensitizer. Flther with or without oxalic aclid Beer's Law seems %o be obeyed
in the mlororange of boron concentration studied (0 to3 micrograms boron).

The uge of different solvents for curcumin does not seem to have
any noticeasble effect on the sengitivity of the method. Acetone and ethyl
aleohol were both used as solvents, both proving satisfactory. A possipility
in the use of ethyl alcohol is the possible esterification with oxalic acid.
That this esterification does cccﬁr, was evident when a potentiometric
titration study was carried out for a solution containing oxalic acid
dissolved in ethyl gleohol., Upon titration of this solution with an
aleoholic sodium hydroxide solution only one break in the titration eurve
of oxalic acis could be obgerved when two breaks would have been expected

since oxalic is a diearboxylic acid.
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A potentiometric titration study was also carried out on a
solution containing boric acid and oxallc aecid in ethyl alcohol. It was
at this point postulated that the campound formed between borie and oxalie
aclds is & neutral compound and not :an anionic complex, since no hydrogen
ionsg were found to be released in the process. It was further proved from
this study that boric and aralic scids combined in a 1wl ratlo. If a 1-2
boriow=oxalic acid reaction occured, then release of hydrogen ions would have

been expected.

From a kinetic study of the modificd Naftel method, evidence
obtained from sbsorbance data seemed to indicate that not much colored
complex seems to form after the main reaction reaches dryness at 55 + 3°C,
on the water bath. If the additional 30 wminute drying period is eliminated
after complete dryness is reached, no great srror seems to be introduced.
This i3 quite an advantage since time of analysis may be shortened somewhat,
making the method more appealing when time 13 a major factor in choice of
a methed.

The actual structure of the chelate formed betwaen boron and
curcumin was investigated. It was found that when horon snd curcumin com bined
under normal. experimental conditions, & 1:1 complex formed in the ghsence
of oxalic acid. Powell and coworkers (18), using oxalic acid, found that
boron and curcumin combined in a 1l=1 ratic also. A 1~l boron=oxalic
compound was also found to be formed in gnother study carried out in this
project. Maintaining the boron concentration constant, cxalic acid was
varied until a maximum of absorbance was ohtained, This was found to

correspond to a 1l~1 boron-oxalic compound.
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Summarizing, boronwoxallic and curcumin definitely seem to fom
2 l«l~l chelate typa compound in the presence of a mineral acid., The
mineral acid (HC1l) seema to initiate the final complexation process between

a 1=l boro~oxalate compound and curcumin by catalytic action.
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