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ARSTRACT

A spectroflusrometeor was constructed employing s Farrand UV
monochronstor for seleoting the axeiting radiation and & Becknan DU
spsctrophotometer with a photomltipiier attachwent for msasuring the
fluorescence intensity. The sxcitation sonrce was a Buovis Sl mercury
lamp with the Zlass envelops remvaed,

By utllising dlfferences in fluorescence gpectra under differmnt
conditions, methods for the quantitative analysis of the followlng

mixtures of orpanie conpounds ware worksd out,

venantiwens wnd Flugrane
tnly anthracens {luoresces when a methyl aleohol solution of the
hydrocarbona s exposad to 365 mm radiation and, thersfors, may be
determined directly in the presence of the other compounds,
Phemanthrane and flucrens ave both axcited by 25% mu radiation,
The fluerescence spectrum of fluorene partially ovarlaps that of

ne b at 315 m 1t is free from interference and i3, therefors,
msasared at this wavelangth,

The phenanthvene fluorascenns intensity is measured ad 390 mm, At
this wavelsngth the phenanthrens smiassion 13 free of fluorascencs
interfevence from anthracens but is subject to interferenca Ly the
fluovescencs spectrar of fluorens. Alse the flnorescence at 114 mo
and 350 mu 1s sudiset to sbeeorption by snthracans gnd the 315 m
figorena smlesion is subject to absorptlon by phenanthrane, Corrsctions
are applied to ths readings which ars then used in a2 graphlical methed

iv
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of solutdon. The average error in this method is less than 5% over
the concentration range C ¢ 5.0 pePais

2, Ortho, ilsts and Para Bydroxybengelc Acids
The orthe and meta imowers are fluorescant in aguecus sclution,

when excited by 31L mx rediation, but the para isomer is not, The
fluworescancs spactra of the orthe and ueta isomers are of siziler shape
tut that of the meta compound 1s slightly displaced towards longer
wavelungthe. At & pi of 5,5, only the orthe isomer {lucresces and
tharefore, it cen bs determined dirsctly. In a solution having a pH
of 12.0; ths obmerved flucrescence 1s the sun of the fluorescance

intenaitier of both acide, Simple subtraction ¢f the contridution of
the oribo lsomer to the ovar-all fluorescencs intensity of the pH = 12,0
solution, then ylelds a messare of the meta lsomer,

The mwathod is applicable over the concontration zange ¢ to 12 p.pen.,
without interfersnce Irom the pars lscmor, and ylelds results with an
average ervor of less than L¥ for both acide,

\zincbanseic Acids
The ortho, meta and para anlnobsnsolc acids are all fluoroscent

under identical pil conditions, howevar, the fluorescense speatrum of
ths para igomer ie isolstsad from these of the ortho and meta isomers.
Conssquentily, wixtures of the ortho sl para or the mota snd pars
isomars are saslly determined over the comcsnitvebion range of & to 4
PePaiie With an average error of less than 5%,

The fluorsgcence gpactre of the oriho and mete lsomers are similar
in shape anc their fluorescence maxinmg are only ssparated by 10 mu,
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honce one st rely upon additiviiy of fawresceace intensitles to
resolve this palr. A seothed 18 pregentad for this resclution basaed
upox the solution of sirmultancous equations for flworcsconcs intonsity
measmaroments under twc separate conditions of exeitation, The rusults
of this metiwc are only accurate to & 0.5 pep.d.
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INTRODUCTION

Quantitative determination of a fluorescent species concentration
is based upon the fact that in dilute solution the fluorescence in-

tensity is directly proportional to the concentration, ¢, of the species
present, that is:

1.) Ip = Ke

It cen be shown that the congtant K is a function of the wavelength
of the exciting radiation, the inecident intensity of the exciting
radistion, the length of light passage and the quantum efficiency of the
absorbed radilation in producing fluorescent emission, that is:

2‘) K= Q{oed

where;

Intensity of radiation emitted _ If
Intensity of radiation absorbed Ta

I, = intensity of exciting radiation

Q = guantum efficiency =

€ = molar absorbtivity
d = cuvette length

The valildity of the sbove relationship can easily be shown in the
following mamner (10). If Beer's law is assumed to hold for the

absorption process, the radiation absorbed by the solution 1s given by,

3.) Ia= Ig (n.--ex"Ed °



end the imtensity of the fluoreacent emlssion is then:

he) If = Qla = QI, (1-e“€d ©y

For small values of ¢, equation L can be replaced by,
54) If-uoecl c = Ke

and the fluorescence intensity is showm to be a linear function of con-
centration, provided that the wavelength and intemsity of the exciting
radiation are maintained constant,

The extension of the fluorometric method of analysis to include
binary mixtures of fluorescent species can be made in one of four ways,
depending upon the fluorescence characteristics of the species in the
mixture, Three of the four approaches to mixture resolution are similar
in that they depend upon cbtaining an independent measurement of the
concentration of one or both of the species present, The four methods
of resolution are llsted below.

(1) If the fluorescence spectra of the two compounds are suffi~
ciently sepasrated, such that there are regions in each spectrum
which do not overlap, independent measurements of the concen~
tration of each species present can be made by obtaining
fluorescence intensity measurements at wavelengths outside of
the overlap area.

(2) In some ecases the fluorescence spectra of the compounds can be
selectively excited by a particular wavelength., Thus, by
selecting the wavelength of excitation, it is possible to



obtain a fluorescence intensity measurement indicative of the
concentration of one of the speciss without interference from
the other. Then at another wavelength the spectrum of the
other species or possibly those of both can be excited,

(3) The next method depends upon controlling the form of the species
in solution, For example, 1f the compounds under consideration
are acids the fluorescence spectra of the undissociated and
dissoclated forms will be different or, what is more likely,
one form wlll exhibit a fluorescence gpectrum and the other
will not. Then if the two acids under consideration have
sufficiently different dissociation constants it would be
possible, by controlling the acldity of the solution, to main-
tain one in the dissociaisd form and the other in the associated
form. This situation resulis in maximum separation of spectra,
if both specles are fluorescent, or it may cause one to be
fluorescent and the other not,

(L) The fourth method of resolution depends upon obltaining additivity
of fluworescence intensities in much the same manner as gbsorb-
ances are found to be additive in adsorption spectroscopy. The
principle of additivity must be applied when two compounds
exhibit similar fluorescence spectra which can not be made
mutually independent in one of the above ways, If this situ~
ation cbtains, them the fluorescence intensity of the mixture,
road at some wavelength, )\R » and resulting from irradiation
by a wavelength, >‘z s would be given bys
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T .
6.) I, = Total fluorescence intensity = K 2Ca *+ Kgly

then remembering that X = -f ( )\ I)’ another value of the
total fluorescence intensity can be obtained by changing
the wavelength of irradiation to A !, then,

7.) I = K0, s Kyt
and simultaneous solution »f the two equations 6 and 7 will
yield the concentrations of the componerfhs A and B,

In the past very little attention has bsen devoted to mixture anaiyw-
sis by flnorometric procedures, The primary cause of the slow development
of this technique of analyslis has been that the basic instrumentation
in this field has comsisted of a filter fluorometer employing the 365 mu
mercury line for fluorescence excitation, Thus, with this type of
instrument, the analyst has been limited to those compounds whose fluor-
escence spectra can be excited by 365 mu irradiation and has, therefore,
been confined to a study of compounds showing visible fluorescence,

Also, the use of filters to isolate the fluorescent emission makes only
minimal use of the differences in fluorescence spectra &s a techulque
in resolving mixtures.

In recent years an increaging awareness of the importance of fluore
escence spectra as a tool for structure studies, qualitative identifi-
cation and quantitative application has become apparent, This awareness
is evidenced by the advances made in spectrofluorometric instrumen-
tation. A number of authors (3,9,10,11) have constructed instruments



employing the monochromator of the Beckman DU spectrophotometer to
resolve fluorescent emiassion and thus obtain fluorescence spectra.

They have, however, maintained the use of a filtered light source.
Collat and Hogers (L) have recently constructed what might be character-
ized as a complete spectrofliuorometer by making use of two Beckman DU
monochromators, one to obtain monochromatic radiation for excitation of
the sample and one to analyze the fluorescent emission.

Employing the instrument described above, Rogers and co-workers
have been successful in analyzing mixtures of aluminum and gallium
oxinates (L) and thiamine and ribeflavin (12) fluorometrically.
Unfortunately, however, they were unable to obtain a e¢lear cut resolu-
tion of the mixtures and were forced to resort to a rather complex
method of calibration in order to carry out the determinations,

The object of the work to be discussed herein, was to ascertain
whether or not the principles of spectrofluorometry, as outlined above,
could be practically and simply applied to the determination of mix-
tures of organic compounds, and in particular to isomeric mixtures
which are exceedingly difficult to analyze by convenmtional methods,
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INSTRUMENTATION

The spectrofluorometer assembled for use in this work is shown
schematically in Figure 1. The component parts used in the assembly of
this instrument ares:

A.) Gommercially avallsble partsi

1.) A Beckman DU spectrophotometer with a photemmltiplier
attachment,

2.) A Farrand grating type monochromator covering the
range 220440 wu.

3.) A fused silica leps.

4,) A Hanovia 8-l mercury arc equipped with a 115 volt
constant voltage transformer,

B.) Constructed Parte:

1.) Light channel,
2.) Cell compartment,
3.) Lens mount,

L.) Arc housing.

The light channel and the arc housing were constructed of galvanized
sheet metal while thé lens mount and cell compartment were machined from
aluminum stock, Figure 2 shows sketches and dimensions of these partis.

The 8-l mercury arc served as the source for excitation in all the
experimental work that will follow, However, the effectiveness of a
Xenon arc, supplied by the Hanovia Company, was also tested. This arc
gives continuous radiation from 220 mu into the near infrared.
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Unfortunately though, the intensity level of the arc, at wavelengths
lese than 300 mu, was too low to make the arc practical for ultraviolet
fluorescence exeitation. At wavelengths above 300 mi, however, the
intensity of the are increases rapidly and it was effective in producing
visible fluorescence from fluorescent compounds whieh absorbed above
300 ma, The S-4 mercury are, however, has spectral lines both above
and below 300 ma which are sufficiently intense for fluorescence
excltation., Consequently, it was selected as the excitation source.
The mercury are, as it comes from the manufaciurer, is enclosed in a
glass envelope, Since glass is opagque to wavelengths less than 316
rillimicrons, the glass envelope was removed im order to make the short
wavelength output of the arc available. ,

The ar¢ housing is connected through the lems mount to the entrance
8lit of the Farrand monochromator and the exit slit of the monochromator
is coupled to the cell compartment, The cell compartment is attached to
the face plate of a Beckman monochromator from which the normal cell
compartment and phototube housing have been removed., The compartment
is constructed in such a mamner that the eell holder maintains the cell
in a position in line with the normal exit slit of the Beckman mono=-
chromator., The light channel, which is connected to the photomultiplier
tube housing, is brought to bear, in a light tight seal, against the
side of the Beclkman faceplate and surrounds the normal light entrance
aperture, Thus, fluorescent emission from the solution in the cuvetie
traverses the Beclkman monochromator in the reverse direction of that
encountsred when it 1s in normal use., The light paths of the exciting
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radiation and the fluorescent emission are shown schematically in
Figure 3,

All parts constructed for use in the spectrofluorometer assembly
were machined in such a manner that coupling of the parts to the Becloman,
the Farrand monochromator and the photomultiplier tube housing could
be made Yo screwtaps already present, Therefere, the spectrofluoro~
meter can be resdily dismantled and the Beclonan instrument converted
for sbsorption work in a matter of a few minutes,

For practical use there are seven mercury lines which are sufficiently
intense for excoitation use, Theee arej the 436, LOS, 365, 31k, 303, 265
and 254 mu lines. Experimentation has shown that the use of 2 1.0 mm
entrance slit and a 0.5 mm exit slit on the Farrand monochromator
permits resolution of the 31L and 303 mu lines and passes a sufficiently
high intensity for efficient exmeitation. COonsequently, this combination
of slit widths was selected for use with the souwrce monochromator.

The cuvettes used with the instrument mst be of fused silica or
quarts 1f it is desired to work with compounds which are excited by
wavelengths less than 316 m. Clear window silica cuvettes, 10 x 20 x 50
mms,, were obtained from the FParrand Optical Company and proved highly
satisfactory for fluorescence work in the ultraviolet and visible
spectral reglons,

Regular Beckman absorption cells, composed of fused silica, were
also used with the instrument, Iluorescent solutions in these cells
were irradiated through one of the c¢lear window faces and the fluorsscent

emission was then measured from one of the frosted window faces,
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Readings obtained with the Beckman cells and the Farrand cells were
quite comparable except with short wavelength emisaion, where the clear
Farrand cells were much more efficient in passing the fluorescent
emisglon., This effect is particularly apparent in the case of the hydro=-
carbon fluworene, With this compound, the use of the clear cells gives
a fluorescence intensity reading at 316 mu which 1s approximately twice
that of the reading obtained with the frosted Becloman cells,

The method of obtaining fluoreacence intensity measurements with

the spectrofluorometer is as followst

1.) The mercury lamp and the Beclman instrument should be gllowed
to warm up for fifteen to twenty minutes before taking measure-
ments, to insure maximum stability.

2.) The Beckman instrument is set for maximum sensitivity, that is,
the sensitivity control kmob is turned to its counter clock-
wise limitb.

3,) The Beckman instrument is zeroed with the dark current control
and the instrument is calibrated with a standard solution.

This standard solution 1s prefersbly prepared from one of the
compounde being studied, if it is sufficlently stable, In
the calibration procedure the cuvetbe, containing the standard
solution, is placed in position in the cell holder and the
excitation wevelength is selected on the source monochromztor.
The Beckman is then set to give the selected standard reading
and the monochromator is adjusted to the wavelength at

which the emission is to be read, This done, the phototube



shutter 1s opened and the Beckman slit width is adjusted to
obtain balance,

L.) Finally, the unknowm solution is placed in the cuvetie, the
excitation wavelength and the wavelength at which the emission
iz to be read are selected and the fluorescence intensity
reading is taken.
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EXPERIMENTAL

A, Hydrocarbon Mixtures

1, Introdustion

The compounds chesen for the indtial mdxture study were the coal
tar hydrocarbonss anthracens, fluorene and phemanthrene., This system
wog chosen becanse it appeared to be a relatively simple mixture to
attack and seemed to be an ideal pilot mixture.

The fluorescence aspectra of these compounds, in absolute methyl
alcohol, are shown in Graph 1, The spectra show fair separation, but
also show overlap reglons and selectivity of response to the wavelength
of the axciting radiation, This mixture is, therefore, one which
permite practical testing of three of the metheds of approach te mixture
analyels outlined in the introduction of this dissertation. That is}
(1) the isolated 316 mu fluorene peak can be employed as 2 direct measure
of the fluorene concentration in mixtures. (2) A fluorescene intensity
measurement at 350 mu can be tested for additivity of fluorene and
phenanthrene emission intensities, (3) Activation with 365 mu radiation
can be employed to excite the emission spectrum of anthracene but not
those of fluorene and phenanthrene and thus gives a direct measure of
the anthracene concentration. Activation with radiation of 265 ma
wavelength causes excitation of the spectra of all three compounds.

The snthracene spectrum excited by 265 mu radiation is identical in
form with that excited by 365 mu radiation, the only difference being

one of intensity. The spectrim excited by 265 mu irradiation is
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considerably more intense, as would be expected, since the anthracene
abgorption at 265 mu is greater than at 365 mu.
The qualitative data indicate that it should be possible to resolve
mixtures of these compounds in the following manners
1.) Anthracens-Phenanthrens mixtures
Activate a methyl aloohol solution of the hydrecarbons
with 365 mx radiation and take fluorescence intensity resdings
at 1400 and 420 mu, These wavelengthe correspond to two peaks
in the anthracene fluorescence spectrum and give two direct
checks on the anthracene concentration. The anthracene con-
centration reported would then be the average concentration
obtained from these two readings, Then activation with 265 ma
radiation and a fluworescenne intensity measurement at 350 mu
should give a reading indicative of the phenanthrene concen-
tration.
2,) Anthracene~Fluorene Mixture:
Determine the anthracene concentration by excitation with
365 mu radiation and fluorescence intensity measurements at
400 and 420 mu, The fluorene concentrabtiovn would then be
determined by exeitation with 265 ma radiation and a fluorescence
intensity measurement at 316 m.
3.) Fluorene~Phenanthrens Mixtures
Activate with 265 mu radiation and obtain the fluorene
concentration directly from a fluorescence intensity measure-

ment at 316 mu. Another fluorescence intensity measurement
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is then made at 350 mu, This reading should be the sum of
the 350 mu emission of the fluorene present and the 350 mu
emizssion of the phenanthrene present., 8ince the concentration
of fluoreme 18 known from the 316 mu reading, its contribution
to the 350 mu emission can be caleulated and subtracted from
the 350 mu reading. The difference hetwsen the two rsadings
obtelned should be indicative of the phenanthrene concen~
tration,
l44) Anthracene-Fluorene-~Phenanthrene Mixturet
The anthracene concentration would be determined directly
from readings at 40O and L20 mm under 365 mu irradistion,
The concentrations of fluoreme and phenanthrene would be
determined as described in (3) above.
The experimentel work described below was conducted in an effort to
apply the above generalizations to the development. of an analytical
procedure for the analysis of these hydrocarbon mixtures.

2, Experimental

The anthracene and phenanthrene used in this study were purified
by ageotropic distillation, under reduced pressure, with ethylene glyceol
and diethylene glycol according to the procedure of Feldman et al. (5).
The fluorenc used wag purified by repeated vacuum sublimation., The
starting moterials in all of the purificaticn procedures were Eastman
White Label Chemicals, The purification procedures were repeated until
melting points, absorption spectra and fluorescencespectra cf the
compounds indicated a high grade of purity., Beker's analyzed absolute
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methanol was used as the solvent throughout the work with the hydro-
carbons,

Stock solutions of the three purified hydrocarbons were prepared
which contained 0,5 milligram of hydrocarbon per milliliter of solu-
tion. A1l subsequent solutions prepared and used in the remainder of
this work were prepared by direct dilution of the aforementioned stock
solutions,

The concentration rangs, over which the fluorescence intensity
remained directly proportional to the concentration of hydrocarbon
present, wes determined in the following menner, Solutions containing
known varying concentratlons of the hydrocarbons were preparsed and
their fluorescence intensities measured. These solutions were prepared
by diluting aliquot.portions of the stock solutions with methyl aleohol.
The range over which linearity was observed for the three hydrocarbens,
was found to be from O to 5 parts per mlllion, or what is equivalent,

0 to 5 micrograms per milliliter, That is, plots of flmorescence
intensities versus concentrations for anthracene activated with 365 ma
radiation and fluorescence intensity read at 40O and 420 mm, phenanthrene
activated with 265 mu vadiation and read at 350 mu and fluorene acti-
vaeted with 265 m radiation and read at 316 and 350 mu, displayed
linearity over a concentration range of O to 5 parts per millioen,

The ranges having been thus determined, calibratlon curves, that
is, plots of fluorescence intensity versus concentratlon, were prepared

for the three hydrocarbons.
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In obtaining the readings for the calibration curves the instru-
ment was calibrated by assigning a fluorescence intensity reading of
+ 17.0 %0 a sclution containing 3,50 parts per million of anthracene
when the fluorescence was activated by 365 mu radiation and the in-
tensity wes read at LOO mu, This reading was selected for the standard
becasuse it permitted the use of an approximately 1.0 mm. slit width
on the Beckman monochromator, This slit width has previcusly been
designated (L,12) as an optimum for spectrofluorometric work and it was,
therefore, considered desirable to take readings at slit widths as
close to 1,0 mm., as possible,

The methanol solution of anthracene was chosen as the calibration
standard, rather than some common secondary sbandard such as quinine
sulfate, because of the well kmown oxygen guenching of the fluorescence
of polymuclear hydrocarbons (1,13,14,15). Oxygen has an appreciable
solubility in methanol, 0.175 ce/ml of methyl aleohol at 18°C,
Therefore, the eoncentratlion of oxygen present in the hydrocarbon solu-
tions met be compensated for in some fashion if it is not constant
from day to day., 8Since the solubilities of gases in liquids are quite
highly temperature dependsnt, the concentration of oxygen present could
not be expected to remain constant except under constant temperature
conditions, Consequently, there were three possible ways to control
the oxygen quenchings (1) Remove the oxygen by flushing with nitrogen
and maintain & nitrogen atmosphere during the time required to take
readings. (2) Thermostat the cell compartment and thus maintain a con-
stant temperature during the time of measurement., (3) Employ a
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standard which is also subject to fluctuations in oxygen concentration
and thus compensate for any day to day change in oxygen concentration.
The third method mentioned presented the least number of difficulties
and was, therefore, selected ss the method of controlling the degree
of oxygen quenching,

The data shown in Tsble I are that taken for the preparation of
calibration curves., The standard solutions, used in obtaining this data,
were prepared by methyl aleohol dilution of aliguots of the stock solu-
tions. The standards were prepared and measured on two different days
to obtain & check on the reprodueibility of the readings. The average
values obtained from these measurements were then used for the preparation
of the calibration curves shown in Graphs 2, 3 and k.

With the calibration curve data now available, a group of synthaetic
mixtures of all four types, three binary and one ternary, were prepared,
When these mixtures were analyszed by the procedure outlined above, it
was found that the phenanthrene and fluorene results were always low,
at times by as much a3 25-50%, while the anthracene results checked out
with the theoretical within 2-4%. The magnitude of the negative
deviations in the fluoreme concentrations when in & mixture with
anthracene showed a dependence on the anthracene concentration., That is,
the negative deviation increases with increasing anthracene concentration,
The same phenomenon is observed with the deviation of phenanthrene
concentration from the theoretical when it is in a mixture with
anthracene, With phenanthrene~fluorene mixtures an analogous behavior

ig noted for the 316 mu fluorene emission, that is, it decreases with
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TARLE I
HYDROCARBON CALIBRATION CURVE DATA
e e e e e - —— ——
e Anthracene {a 65 mn irradiation)
2c8eNne ' avelength of Measurement
Concentration T00 ma ~ " L20 ma
in p,p.m, 17 ive, 1 Ave.
0.5 2,88 2,90 2.89 2,00 1.,80 1,90
1,0 5.00 5,20 5,10 3,10 3,10 3.10
2,5 12,1 12,1 12,1 7.00 7.20 T.10
3.5 7.0 17.0 17,0 10,0 10,0 10,0
5.0 1.0  13.9

23.8 23.6 23.7 13.0

Phenanthrene é26§ ma irrediation)
, ' avelength of Measurement

“Phenanthrene
Concentration — 350 mu
in p.p.m, 1 ’ Ave,
0.5 1.20 1.20 1.20
1.0 2.10 2.16 2.13
2.5 L 40 L4.60 L.50
3.5 6,00 6,30 6.15
5,0 8.20 8.60 8,40
, Fluorene (265 mu irradiation)
1. ‘ o Wavelength of Measurement
uorene = ‘ 2 S 4
Concentration —--r—j—-—é—-———————- 10 mm 20 m
Ave, i 2 Ave,
in p.p.m. e _ , ‘ — -
0.5 9.60 9.70 9 .65 1.20 1,30 1.28
1,0 18.3 18,3 18.3 2.20 2,20 2.20
2.5 o0 LL.5 hy.3 L.90 5,10 5.00
3.5 60.6 60.7 60.7 6.70 6.70 6.70
5,0 9.30 9.15

83.0 84,0 83.5 9.00
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increasing phenanthrene concentration. These deviations become more
intelligible when the absorption spectra of the three hydrocarbons are
congldered, Graphs 5, 6 and 7 show the experimentally determined
abgorption spectra of anthracene, phenanthrene and fluorene, in methyl
alcohol selution, which duplicate those of Friedel and Orchin (8).

On comparison of the ahsorption spectrum of anthracene with the fluor-
escance spectrum of fluorene, overlap areas are observed and it is seen
that the fluorene emission at 316 mm and 350 mu will be subject to
anthracene absorption when it is a component of the mixture, Similarly,
the absorption spectrum of phenanthrene overlaps the fluorene fluorescence
spectrum and phenanthrene would, therefore, be expected to partially
sbsorb the fluorene 316 mu emission when they are simultaneously present
in a mixture, Then, for example, vhern the fluorene emission 1s read at
316 mu in the presence of anthracene, the apparent fluorescence inten=
sity, Iy", read is not that which would be read for an equivalent amount
of fluorene present in the solutimn slone, If° , but i8 rather;

I,* w I,° - intensity absorbed by anthracene
or
1% = 1.° « 1,° (1-207%4%) » 1,0107K4CA

which on rearranging becomes

log I‘fa - log Ifa - KAG A

where KA = € d
€ = molar abgorbtivity of anthracene at 316 m

d = apparent "cell length" through which the fluorene
316 m emission must pass,
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Then if to some particular concentration of fluorene, varying
concentrations of anthracene are sdded and apparent fluorescence in-
tensities, I;‘, are taken, a plot of log Ifo -« log Ifa versus concen-
tration of anthracene should be approximately linear, This procedure
was carried out experimentally in the following menner, Five solutions
containing 0.5, 1.0, 2.5, 3.5 end 5.0 parts per million of fluorens
were prepared and then to each one 1.0 p.p.n. of anthracene was added,
These solutions were activated with 265 mu radiation and their
fluorescence intensities, If’, at 316 mu were meagured, From the
calibration ocurve for pure fluorene solutions, Graph 3, the correspond-
ing values of I.° for 316 mu emisaion are cbtained and the values of
KAG 4 7 log Ifo - log I;‘ are calculated, Since in all of these solu~
tions the concentration of anthracene is the same, the value of
log I,° - log I,” obtainsd for all the solutions should, theoretically,
be constant. The values cbtained for log 1,° - log I,* for the five
solutions are not abaclutely constant, because the precision of the
measurement procedure is not absolute., However, if the high and low
value of log I,° - log xfa are eliminated and the middle three values
are averaged, a fairly reproducible value of K,C , 18 obtained for a
concentration of 1.0 p.p.m, of anthracene. The above procedure was
repeated three times using 2.5, 3.5, and 5.0 p.p.n. of anthracene as
contaminant. Average vsalues of log If° - log Ifa for four concentra~-
tions of anthracene were thus cbtained. Fluorescence intensity readings
were also teken at 350 mm on these solutions so that the effect of

anthracene sbsorption on 350 mu emission was determined at the same time.
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This process was repested with mixtures of fluorene and phenanthrens
to determine the effect of phenanthrene absorption on the fluorene
316 mu emission., The average results obtained by this method are
tabulated in Tabls II,

The results, shown in Table II, plotted as (log I.° - log I,")
versus concentration are shown in Graphs 8, 9 and 10, The plots are
not completely linear as predicted by theory but taper off and show
curvature at higher concentrations of absorbing material, Although the
plots do not show complete adherence to theory, the anthracene absorp=
tion plots can still be used as semi-empirical correction curves, As
shown before the concentration of anthracene can be determined inde-
pendently by activation with 365 mm radiation and is not in any way
dependent upon the concentration of phenmanthrene or fluorene present,
Therefore, in anthracens~phenanthrene or anthracene-~fluorene mixtures,
the phenanthrene 350 »u emigsion or the fluorene 316 mu emission can

easily be corrected for anthracene absorpiion.

onlogIa + N

log ZIIf £

where, [\ = log Ii.° - log Ifa, and is the correction term found from
the absorption plots for the concentration of anthracene present. The
value of I, obtained in this way, ie then used to obtain the concen-
tration of phenanthrene or fluoreme, whichever is present, from the
pure hydrocarbon calibration curves.

When mixtures of phenanthrene and fluorsne are to be analyzed, the

situation is complicated by the fact that no independent method is
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TABLE 1Y
ABSCRPTION CORRECTION DATA

————

Anthracene Abserption of 316 mu Emisgsion

leg Ifo -Jlog I a

Concentration —- } £ ; ,
Authracane 1. | 2 o . Average
C pepem. 0 9 0 0
3.0 0,015 0.009 0,030 0.018
2.8 0.0L6 0,040 0.032 0.039
3.5 0.039 0.0LY 0.059 0.047

5.0 0,052 0,049 0,072 0,058

.. Anthracene Absorption of 350 mu Emission

103::;-1031:&

Concentration _ £ —
Anthracene 1 2 3 Average
O p.pem. ¢ 0 0 o
1.0 0.033 0.026 0.036 0.032
2.5 0,067 0.058 0.062 0.062
3.5 0.095 0,074 0.087 0.085
5.0 0,108 0.118 0.112 0.113

Phenanthrene Absorption of 316 mm Emission
, ) 2
Concentration log I," - log I¢ |
FPhenanthrene , 2 3 Average
0 pep.m. 0 Q 0 0

0.5 0,015 0.016 0,028 0,020
1.0 0,030 0.015 0.039 0.028
2,5 0.040 0.0kl 0.060 0.048
3.5 0.0kLk 0,050 0.069 0,054
5.0 0,059 0,063 0.078 0.067
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available for the determination of either component, That is, the

316 mz fluorene emission mist be corrected for phenanthrene absorption

and the 350 mu reading is indicative of the sum of the fluorene and

phenanthrene 350 mu emissions, It appears then, that the only solution

to the problem is to obtain two equations, one describing the 316 m

emission and one describing the 350 mu emission, in terms of the

phenanthrene and fiworeme concentrations and then solve them simultansously,
The equation for the 316 mu fluorene emission is given by

log I;‘ = log I£° - N\ = log K316 = VAN
whers  I,* and I, are as desoribed before.
A = { (Gp) = log If° - log I;' = absorption correction term
K3ie *» €lope of pure fluorene callibration curve
OF = fluorene concentration in p.p.m.
The absorption term, /) , cannot be expressed sbsolutely by Beer's
law, as was predicted, but if one plots £ versus GP% rather than versus

09 a fairly straight line results (see Graph 10) and thus we can say:

- xC '}

VA o

No theoretical explanation for this expression 1s obvious but it fits
the experimental facts and permits the fluorene 316 mu emission to be

expressed asi
(at) log Ifa = log KQI.BG! - kcp%

The fluorescence at 350 mu is indicative of the sum of the fluor-

escence intensities of the phenanthreme end fluorene present, This
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reading should be ideally, given by:

If"xssoey + K'asocp + I

where -

Easo = slope of pure fluorene calibration curve, I, read
at 350 mi,.

K'3s0 = slope of pure phenanthrene calibration curve, If
read at 350 m,

Is = gym of phenanthrene and fluorene calibration curve
intercepta,

In reality, however, the readings obtained for phenanthrene<fluorene
mixtures at 350 m do not correspond to this equation, The readings
always tend to be less than the calculated walue,

This diffieulity was quite esasily cirecumvented by defining a
quantity, S, the theoretical sum of the fluorescence intensities,
ignering the intercepts.

S = Kagolp + K'auogp

or

The quantity, S was calculated for a group of mixtures containing
varying amounts of phenanthrene and anthracene and the fluorescence
intensities of the mixtures at 350 mi were obtained, A plot of the
fluorescence intensity at 350 mu versus the value of S for the mixturs
yielded the curve shown in Graph 11. Thus, from the fluorescence
intensity reading at 350 me and the plot shown in Graph 11, a value of
S is obtained which can be expressed by eguation (b).
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The two equations (a) and (b) and fluorescence intensity readings
at 316 mu and 350 mu now permit the resolution of phenanthrene-~
fluvorens mixtures.

The above process, demanding the solution of simmltaneous equations
to obtain the concentrations of phenanthrene and fluorene, is difficult
because it requires the solving of a cubic equation and a simpler method
of resolving the mixture would be desirsble, A simple graphical method
of accomplishing this resolution becomes obvious when it is realized that
the conbination of an apparent fluorescence intensity reading at 316 mm
and an 8 value cbtained from the 350 mu reading, for a mixture of
phenanthrene and fluorene, mmust be unique for the concentrations ine
volved, This becomes more apparent when the value of the 316 m
fluorescence intensity is plotted versus the value of 8 for a series of
mixtures., When this is done and the points corresponding to identical
finorene concentration are joined, and the points corresponding to ldentiw
cal phenanthrene concentration are joined, the grid shown in Graph 12
is cbtained, This grid then serves as a standard calibration curve for
both phenanthrene and flucrene,

The use of the calibration grid is best explained by considering
a specific example, Conelder an unknown mixture containing phensnthrene
and fluorene which gives fluorescence intenslty readings of 37.0 at
316 mu and 8.7 at 350 m under 265 mu irradiation., From Graph 1l it is
found that the reading of 8,7 corresponds to an 5 value of 9.0, Then
the point corresponding to I.%y;4 = 37.0 and 8 = 9.0 is lccated on the
yid of Graph 12, This point, marked by an "x" on the grid, is seen to
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fall on a line of constant phenanthrene concentration corresponding to
2.8 p.pem. and a line of constant fluworense concentration corresponding
to 2,3 p.p.m. Thus the concentrations of the two components in the
mixture have been determined directly by graphical solution of the pair
of similtaneous equations and the difficult process of arithmetic
solution has been avoided,

All of the information necessary, for the resolution of all possible
combinations of mixtures of the three hydrocarbons, is now available.
The general procedure to be followed is as follows. Anthracene is in
all cases determined directly by excitation with 365 mu radiation and
fluorescence intensity measurements at 40O and 1,20 mu. The concentration
reported is then the average found from the anthracene calibration
curves shown in Graph 2, If fluorene is present with anthracene, then
the fluorene concentration ls determined by cbtaining the fluorescence
intensity at 316 mu under 265 mu irradiation, correcting it for
anthracene absorption, by use of Graph 8, and then obtaining the
fluorene concentration from Graph 3, the fluorene calibration curve,
When phenanthrene is present with anthraceme, the 350 mu reading obtained
under 265 mu irradiatlon is corrected for anthracene absorption, by use
of Graph 9, and is then used to obtain the phemanthrene concentration
from Graph L, the phenanthrene calibration curve. Mixtures of phenanthrene
and fluorene are, of course, determined by use of the calibration grid
as described previously, When all three hydrocarbons are present in
a mixture, the anthracene concentration is determined in the usual
manmer. Then the 316 mu and 350 mu readings, obtained under 265 mu



irradiation, are corrected for anthracene absorption and are used to
determine the concentrations of phenanthrene and fluorene from the
calibration grid,

A group of synthetic mixturss of all four types, three binary and
one ternary, were preparsd and analyzed by the procedure described
above. The results obtained are shown in Table III,

The average errors found in the determinations of the three hydro-

carbons were: =
Aﬂthraﬁm, Eave. = 3‘15
Phenanthrene, By = L.6%

Fluorens, Egye = L.1%

The maximum error observed was 15%; however, errors of this order
of magnitude are exceptional and in the majority of determinstions an
error of approximately 25¢ should be expected,



0°G+ S0°T  00°T g*g+  NEN 00°Y L*z+ NS°T 98T 29T 081
Lo+ 02°¢ Qo€ 0 00"¢  00°¢ €0+ TS"€ 2S"f 05°f 0S5°¢
0*2+ 20°T 00°T oI~ 66°0 00°T L'¢=- 6g°2 98°2 £6°2 00° ¢
0°0T+ 02°2 00%2 0° G+ o1'e 00°2 9T~ L6°T LT Lé°1 00°e
00T+ 02°2 00°2 £*2= £€6°z  00°¢ 0'z- 961 S6'T L&'t 00°2
0*s+  gT*¢ 00°¢ 01T~ gl*t o00°2 0'4- S96°0 £6°0  L6°0 00°T
1= s 08°¢ 0°T=  §0*S  00°S - - -- - -
g0+ 29'z  03°% 0 08"€  05°¢ - - — - -

0 00°T 00°T T°l¢ Gl'f  0S°€ - - - -_— -
0‘e- 96*0 001 IASF 26°2 00°¢ - - — - -
q*2+  90°2 00°2 06~ 06T 00°2 - - - - —
€1+ NW0°¢ 00°¢ 0*ST- g8*0  00°T - - - - -
0*S+ SO°T  00°T - - - o'~ g9g8°2 082 S6'2 00°¢
o*le T2 00°2 - - - 0"2~ 96T L6T 56T 00°2
€ 2+« lo°¢ 00°¢ —— - - €6~ T of'T Wit  09'T

- -~ - 0*5+ S0°T  00°1 0*'T- 66°0 Q60 00°T 00°T
- -— - ST+ 90°%  00°f o= gL°0 TL0 ¢l'o  §lUo
(rauget) (naooT)
JSOIIH Pancyg fricr en ZO0ATH Panod usiel, JOIIH amb..ﬂ punog panog Ueie]
quadted ‘u*d'd -wd-d quedzed curded ‘w-d-d quadJed curded cweded cweded

SUSJIONT g

SUSILUEUSY ]

SUSORIYIUY

e

SISXTVNY TUNIXTH NOSHVOOWIAH 40 SITNSTH

I1I 38Vy



L3

B, The Hydroxybensoic Acids

1. Int.roduction

In the second system of compounds to be studied it was desired
that the further variable of acidity control be coupled with those of
wavelength of exciting radiation and wavelength at which the emission
intensity is measured,

Salleylic acid, the ortho isomer of the hydroxybensoic acids, is
a fluorescent compound and its fluorescence intensity ﬁ.s affected by
acidity changes. This is %o be expected since the fluorescence
spectrum of a compound, like the absorption spectrum, is character-
istic of the species present. Thus depernding upon the pH of a solution,
one or two of the following specles could be present in solution,

COOH X, 600" . co0”
o 1SRN LR M

OH = -0 = 0=

I III

II
It is, therefore, thecretically possible that all three species would
ghow distinct fluorescence spectra. With salicylic acid it is found
from qualitative pH studies, that species I is not fluorescent but that
gpecies II and IIT are fluorescent under excitation with 314 mu radiation,
I+ should be stated here that when a specles 1s said to be non~-
fluorescent, the meaning intended is that under the available conditions
of excitation no fluorescence is observed, The mercury arc, used as

an excitation source, has a limited number of spectral lines sufficiently



intense for excitation., Therefore, the fact that none of these wave-
lengths are capable of producing fluorescence from a species does not
exclude the possibility that the species may be fluoresecent under
excltation by some other wavelength, In all subsequent discourse the
statement that a species is non-fluorescent will be subject to the
above conditions, that is, it is non-fluorescent under the excitation
conditions available,

The fluorescence spectra of species II and III are shown in
Graph 13. The spectra are very similar, the only difference being that
the maximum of the fluoresecence band of species IIT occurs at 40O mm
while the maximum of species II ocours at 410 mm, Although the fluor-
escence Spectra are markedly similar the species react quite differently
under 314 mu irradiation. Species II is completely stable umier prolonged
irradiation, as shoun by the fact that its fluorescence intensity remains
constant, while species III is decidedly unstable, as shown by the fact
that its fluorescence intensity falls off rapidly under prolonged
irradiation. Consequently, for snalytical work, the fluorescence of
species II should be utilized since it is completely stable,

The meta isomer of the hydroxybenzoic acids can be considered in
the same wanner as was salicylic acid, Again there are three possible
forms which can exist in solution, depending upon the acidity,

COOH . CO0- H‘ CQO0-
Pl B
OH OH

0
1! Ix IIT:
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As stated before, it is possible that all three of these species
could exhibit fluorescense spectra, Under the conditions of excitaticn
available, however, only species IIT' is found to be fluorescent,

The fluorescence spsctrum of speoies III, under 31), mu excitation,
is shown in Graph 1L, It is seen to be very similar to the spectra
observed for the two fluorescent forms of sslicylic acid, The shapes
of the three spectra are all identical and only differ in the wavelength
of maxinum fluorescence intensity, The fluorescence maximum of the
fluerescent form of mehydroxybensoic scid occcurs at 420 mu ss compared
to k10 mu for the stable form of salicylic acid and LOO m for the
unstable form,

When pehydroxybengoic acid 1s investigated in the above manmer it
is found that none of the three forms is fiuorescent under 314 mm exci-
tation, Under 265 ma exoitation the doudbly ionized form of p-hydroxy-
bensoic acid is found to be very weakly fluorescent, showing a maxirmum
at 340 ma, This emission is, however, twwesk to be employed on a
quantitative basias,

For analytical purposes then, it should be possible to employ the
fluorescent emission of singly lonized salicylic acid and doubly
ionized mehydroxybenzoic acid while no interference should be expected

from the para lsomer,

2, pH Studies
Since the fluorescence spectra of the ortho and meta isomers are

characteristic of specific ionic forms, it is necessary to know the

solution conditions under which these forms are present. This
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information ie readily obtained from a study of the flworescence
characteristics under variable pH conditions, For salieylic acid it
has been stated that the stabls, singly lonized form shows a
fluorescense maximmm et 410 mu under 31l mm excitation. Therefore, a
group of solutions containing identical concentrations of selicylic
acid were prepared and adjusted to various hydrogen ion concentrations,
either by the addition of hydrochloric secid or sodium hydroxide, Then
these solutions were asctivated with 31 mu radistion and thelr fluores-
cence intensities were read at 410 mu. The readings obtained in this
fashion were then plotted sgainast pH. The curve which resulted is
shown in plot A of Graph 15, The plot shows that below a pH of 1,5 no
fluorescence is m_otsd. This indicates that all of the salieylic acid
is present in the undissociated form. As the pH is inoreased sbove
1.5, flucrescence at 410 mu is detected and the intensity increases
rapidly with inereasing pH until it reaches s maximim at a pH of
approximately h.,5. The observed fluorescence intensity then remains
constant until a pH of approximately 13.5 is reached. Therefore, above
a pH of 1.5 the fluorescent, singly ionised species begins to form,

Ap the pH is inereased the concentration of this species increases,
thus causing an inerease in the fluorescence intensity, Finally at a
pH of 4.5, all of the salicylic acid present is converted to the
singly ioniged form and the fluorescenceintensity remains constant
untdl the hydrexide ion concentration becomes great enough to begin
neutralising the phenolic hydrogen ion., This process begins at a pH of
approximately 13,0, Therefors, the pH range over which the salicylic
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acid is present completely in the singly lonized form is 4.5 to 13.0
and is the pH range, within which, quantitative fluorometric work
could be conducted,

It 1s interesting to note that the ionimation constant for the
dissociation of the carboxylic hydrogen ion can be obtained from the
plot (2), At the pH where the fluorescence intensity has reached one
half of its maximum value, the acid existe half in the dissociated
form and half in the associated form, Therefore, the pH at the half-
intensity point should be the same as the pKa of the acid, From the
plot the pH at the half-intensity point is found to be 3.1l7 and Fieser
(6) lists the pKa for the first dissociation of salicylic acid as 3.00.
Consequently, falr agreement is obtained between the literature value
of the constant and the experimenially determined constant.

The sams procedure outlined above, was carried out substituting
m~hydroxybenzoic acid for salicyllie acid and measuring the fluorescence
intensity &t 420 mm under 31k mm excitation, Plot B shouwn in Graph 15
resulted from this study and shows that the doubly lonized form of the
meta isomer is completely formed at a pH of 12.0 and that the fluorescence
intensity remains constant in increasingly alkaline solutions, even in
2 molar sodium hydroxide., The observed half~intensity value from the
plot, indicates that the pKe for the second dissociation of m~hydroxy-
bensgoic acid should be 10,1, However, no literature value of the
second diesociation constant of m~-hydroxybenwoic acid could be found
to compare with this value.

Comparing the two fluorescence versus pH plots, plots A and B of
Graph 15, it can be seen that in the pH reglon 4.5 to 6.0 the ortho
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isomer will be fluorescent while the meta isomer will not., However,
at a pH of 12 to 13, both isomers would be fluorescent,

Consequently, even though both isomers exhibit essentially identi-
cal fluorescence spectra and show no selectivity of response to differ-
ent wavelengths of excitation, mixtures of the two should be resolvable
through pH control.

If both the ortho and meta isomers were present in a solution, it
should be poseible to adjust the pH of the solution to 5.5, activate
with 314 mu radiation and obtain two indications of the o~hydroxybenzoic
acid concentration by fluorescence intensity measurements at 410 and
430 mi, These measurements should be completely independent of the
concentration of the meta isomer present, Then, 1f the pH is adjusted
to 12,0, the fluorescence intensity measurements at 410 and 430 ma
should be indicative of the sum of the ortho and meta isomers fluoress
cence intensities at these wavelengths. OSince the fluorescence intemsity
of the ortho isomer should be the same at a pH of 12,0 as 1t 1s at a
pH of 5.5, simple subtraotion of the pH = 5.5 readings from the pH =
12.0 readings should give difference readings indicative of the
m-hydroxybenzoic acid concentration.

3, Prepavation of Calibration Curves

Aqueous stock solutione of ortho, meta and para hydroxybenzoic
acids were prepared which contained 1.5 milligrams of organic acid per
milliliter of solution, All subsequent solutions, prepared for use in
this study, were prepsred by dilution of known volumes of these stock

solutions., The acids used to prepare the stock solutlons were



52

Eastman White Label chemicals which were recrystallized from absolute
methyl alcohol,

An acetic acid-sodium acetate buffer solution was prepared and
used as the diluent for the solutions which were measured at a pH of
5.5. The pH = 5.5 buffer was prepared as follows: L,67 gms, of
sodium acetate and 0.6 gm, of acetic acid were dissolved and diluted
to one liter with distilled water,

The pH = 12,0 solutions were prepared by the addition of 2 ml, of
approximately 2 molar sodium hydroxide to the stock solution aliquot
and subsequent dilution to 100 ml, with distilled water.

The range, over which the fluorescence intensity is a linear
function of the concentration, was determined for salicylic acid in
pH = 5,5 golution and for salicylic acid and m~-hydroxybenszolc acid in
pH = 12,0 solution, Linearity of response was observed for both acids
up to a concentration of 12 p.p.m.

Calibration curves for both acids were prepared which consisted
of plots of fluorescence intensiiy versus concentration. Actually two
calibration curves were prepared for eézch acld, one corresponding to
fluorescence intensity measurements at 420 mu and the other to measure-
ments at 430 mu., Therefore, when unimown sclutions are run, the two
measurements at 410 mu and at 430 mu yleld two values of the concen~
tration. The concentration reported is, consequently, the average of
thess two values.

Instrument calibration, for the quantitative work with the hydroxy-
benzoic acids, was effected by using a standard salioylic acid solution
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which contained 6.0 p.p.m. of the acid in a solution having a pH of
5.5. This standard solution was assigned a reading of 14,0 at 410 ma
under 31l m excitation. A1l subsequent measurements are, therefore,
relative to instrument calibration with this standard solution, The
standard solution was prepared fresh each day to insure against possible
deterioration and tc obtein maximum reproducibility of measurements.

The calibration curves for salicylic acld, shown in Graph 16,
were obtained in the following manner, Two groups of standard solutions,
containing O to 12 p,p.m. of salicylic acid, were prepared. One group
of standards wes adjusted to a pH of 5.5 by dilution of the aliquots,
from the salicylic aecid stock solution, to 100 ml with acetate buffer
solution, The other group was adjusted to a pH of 12,0 by the addition
of 2,0 ml, of 2 molar sodium hydroxide solution to the aliquots and
gubsequent dilution to 100 ml, with distilled water, According to the
results of the pH studies, the fluorescence intensities exhibited by
both the pH = 5.5 and the pH » 12.0 solutions should be identical for
identical concentrations of salicylic acid. This was found to be true,
within the limits of experimental error, and the average values of the
fluorescence intensities for the pH = 5,5 and the pH = 12,0 standards
were used in the preparation of the salicylie acid calibration curves,
The results employed in the preparation of the salicylic acid calibration
curves are tabulated in Table IV,

The m-hydroxybensoic acid calibration curves were prepared in a
manner similar to that deseribed above except that both groups of
gtandards were adjusted to a pH of 12.0 wlth sodium hydroxide.
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TABLE IV
CALIERATION CURVE DATA FOR SALICYLIC ACID

Concentration 34 24
Salicylic Acid £4120 430

D P.DaMs fw’ 5 ‘ 5. pliel12.0 Ave.

1.5 ‘3.5 3.7 3.6 2.9 3.0 3,0

3,0 7.0 Tohi T2 5.9 6.3 6.1

6.0 13,5 14,3 13,9 11.6 l2.0 11.8

2.0 20.6 21.2 20,9 17.6 7.9 17.8

12.0 26.3 28.0 27.1 22.7  23.3 23.0

The results employed in the preparation of the m«hydroxybensoic acid
calibration curves, Graph 17, are shown below in Table V,

TABLE V
CALIBRATION OURVE DATA FOR m~HYDROXYBENZOIC ACID

| 214 ' 314
Concentration f410 I £as0
m-Hydroxybenzole ,
Acid inmg .p,m. Group 1 _Group 2 Ave.  Group 1 (Oroup 2 Ave.
1.5 7.1 6.9 7.0 6.9 6.4 6.7
3.0 14,0 3.7  13.9 13.1 12,9 13.0
6.0 26,0 26,8 26,4 2L.6 25,3 26.0
9.0 39.2 38.h 38.8 37.2 36,2 36,7
12,0 51.3 51,1 51,2 48.3 48,3 L48.3

L. Results of Mixture Analysis
Five test solutions, containing both the ortho and meta hydroxy-

benzoic acid isomers in varying concentrations, were prepared. These
solutions were prepared in duplicate, one being diluted with buffer
solution and the other being diluted with distilled water after the



586

S3IAYND NOILVHEITVYD Q19V OI0ZNIBAXOHGAH-W LI HaVYD

(‘Wdd) NOILVHINIONOD QID9V O10ZNISAXONAAH-W
0°0l 08 0’9 Ot 0¢

L L

0S¥y,

0 m> OMWW...HIm
0 sA ,I-V

O
"

O
<

0¢

30N30Ss340NTd

ALISNILNI



57

addition of 2,0 ml, of 2 molar sodium hydroxide. Therefore, there
are two solutions corresponding to each test mixture, one having a pH
of 5,5 and one having a pH of 12.0. Then from fluorescence intensity
measuremsents on the pH » 5.5 sgolutions and the calibration curves of
Graph 16, the concentration of o-hydroxybensoic acid can be determined
directly. The fluorescence intensity readings obtained from the

pH = 12.0 solutions are then the sums of the ortho and meta isomers
fluorescenco intensities st L10 and 430 mu, Therefore, if the readings
cbtained on the pH » 5,5 solutions are subtracted from the pH = 12.0
readings, the resulting differences are the contributions to the
fluorescence intensities by the meta isomer. These differences and
the calibration curves of Graph 17 can be used to obtain the concene
tration of the m-hydroxybengoic acid present in the mixture,

The five test solutions, when analyzed by the cutlined procedure,
vielded the results shown in Table VI,

The results obtained indicate that, in mixtures of ortho and meta
hydroxybenzoic acids, both compenente can be determined with an expected
error of less than 5%, Since the upper limit of the range of the
method, for either aecid alone, is 12 p.p.m., the test solutions were
prepared so that the sum of the ortho and meta ecid concentrations
did not exceed 12,0 p.p.m.

I+ was predicted, at a pricr point in the discussion, that the
para isomer would not interfere in the determination of the ortho and
mets isomers., This prediction was tested, experimentally, by pre-
paring test mixtures containing all three isomers in varying
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concentrations and determining the concentrations of the ortho and the
meta isomers present by the same procedure as above, The average
results obtained, on a series of five test sclutions containing all
three isomers, are shown below in Table VII.

TABLE VII

ANALYSIS RESULTS ON MIXTURES OF o~ AND m-HYDROXYBENZOIC ACIDS
IN THE PRESENCE OF THE PARA ISOMER

Mixe Ortho Isomer M Isomer Para Isomer
ture Taken Found Percent Faken ound ~ Percent Concentration
Error Exrror Present
1 ha50m$m l&vs}lm +0.9 lh5oppm thappm ~1.8 15.0ppm
2  1.50 1.4 -0.7 3.00 2.99 -0.3 4,50
3 3.00 2,90 «3.3 1.50 1.h5 =343 6.00
}5& 3~OD 2.96 "103 3-00 2-99 "‘003 1'50

h.50 hosl "'0,2 6'00 5072 "’ho? 3!00

The results shown abovs are the average concentrations found from
fluorescence intensity measurements at L10 and 430 mu,

The results indicate that the presence of p-hydroxybensolc acidy
in concentrations up to 15.0 p.p.m,, have no noticeable effect on the

accuracy of the method.
¢, The Aminobenzolic Acids

1. Introdyction

The aminobenzoic acids are a group of compounds which one would
expect to be quite similar in behavior to the hydroxybenzoic acids.
With the aminobenzoic ecids, there are, as with the hydroxybenzoic



aclids, several species possible in solution,

co0= COOH -
nH’l 4“* COOR - co0
I 11 III A

The form, or forms, which will be present in solution are, of course,
dependent upon the pH of the solutions, Qualitatively, it was found
thet the three isomeric acids, ortho, meta and para, are all fluorescent
in solution of pH approximately equal to 9.0, Graphs 18, 19 and 20
shoy the fluworescence spectra of the thres isomers in a solution having
a pH of 9.0, The orthe and meta isomers show fluorescence spectra
which are activated by absorption of 314 mu radiation and have their
emisslon maxima at 40O and 410 mm respectively., The fluorescence
characteristica of the para isomer are radically different from those
of the other two isomers. The fluorescence of this isomer is activated
by absorption of 265 m radiation and exhibits maximum fluorescence
intensity at 345 mu,

The fluorescence chavacteristics of the three acids were studied
under varisble pH conditions to dlscover what the optismum pH ranges
were for fluorescence purposes and also so that the form of the fluores-
cent species could be elucidated, The fluorescence intensities were
measured at the wavelength of maximum intensity for each iscmer and the
sxcltation was effected by 314 ma radiation in the case of the ortho
and meta isomers, and 265 mu radiation in the case of the para isomer,
The curves shown in Graphe 21, 22 and 23 resulted from the study. The
curves all exhibit plateau regions, indicating that in high and low pH
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reglons the solutions became non-fluorescent. At first observation it

would seem then, that one of the following situations obtains

COOH o COOH coo™
*
Foe - (o Zm
non~fluorescent flvorescent non-{luorescent
COOH coo= coo~
N, -H +  of S
L @4{1{3 i MEN ©_NH.
non~{luorescent - fluorescent non-fluorescent

Both of these situations are, howsver, ruled out by the experimental
facts. The first situation is realismed to be nontenable whem it is
obaerved that the pH véluea at half-intensity for the rising legs of
the curves, correspond exactly to the recorded (6) pKa values of the
scids, Thus, the first process taking place, and that which leads
to the fluorescent species, must he the neutralization of the carboxyl
group. The second possible process is also ruled out by the fact that
Formal titrations of the amino acids indicate that all available acid
is neutraliszed by a pH of 8,5, The formal titration procedure was
carried out a8 follows, Known welghts of the amino acids, 0.55 milli-
mole, were dissolved in distilled water and a known volume of standard
hydrochloric acid solution, 1.18 millimoles was added to each. The

species present in solution was therefore:

COCH

(s
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These solutions were titratedwith standard sodium hydroxide solution
and the neutralization process was followed by means of a Beckman
model H pH meter, The titration was carried out to a pH of 8,5 and
. then 40 ml. of 20% formaldehyde sclution, which had been adjusted to
a pH of 8,5, was added, and the titration contimued, The results of
these titrations showed that no further hydrogen ion was releassed by
the eddition of formaldehyde,

con™ oo™

[:::}—Nﬂg* + CHO ) [:j:}—thHa + B » HO

The stoichiometry of the titration also showed that, at a pH of
8.5, all of the acid in the system had been neutralized, That is,
1,73 millimoles of base wers regquired to reach a pH of 8,5, The con-
clusion drawn from these results is, therefore, that the speciles
present, under the pH cenditions in the plateau region, is:

coo™
[y

The difficulty in explaining the pH curves, now becomes one of
defining the change which takes place causing the loss of fluorescence
in strongly alkaline solution. If the amino group were to act as an
acid in highly alkaline solution the process could be defined as!

COOH co0"™ coo”
Clm ey w2y (G
non~-fluorescent fluorescent non-fluorescent

i Iz I1T
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This type of process seems highly improbable and by means of absorp-
tion spectra, has been shown to be not representative of the actual
situation, Specles IT and IIT should exhibit different ultraviolet
absorption spectra, however, the absorption spectra of the amino

acids in pH » 9,0 solution and in 2 molar sodium hydroxide solution
are idemtieal. Consequently, the sams species must be present in solu-
tion in the pH range of the platesu region and also beyond it, in more
alkaline solution, where the flworescence is lost. This fact forces
one to the conclusion that the loss of fluorescence in strongly
alkaline solution is due to a quenching process of some type. The
quenching could be caused by trace quantities of a foreign material
introduced by the sodium hydroxide or it could be caused by the sodium
hydroxide itself, The latter, however, seems quite improbable since
quenching is a process usually aszsociated with trace quantities of an
impurity. The possibility of quenching by trace quantities of a
foreign material is also quite easily ruled out by the fact that the
addition of hydrochloric acid and subsequent lowering of the pH of the
solution, restores its fluorescent properties. This would only be
possible if the addition of acld destroyed the quenching species.
Carbonate ion is definitely sn impurity in the sodium hydroxide solution
and would be destroyed by the addition of acid. However, when carbonate
ion is edded to fluorescent sclutions of the amino acids, it is found
to have no quenching effect, It seems then, that all ordinary explana-
tione of the loss of fluorescemnce in highly alkaline solution have
been investigated and found lacking., Firster (7) hae, however, noted
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this complication before with the hydroxy- and aminopyrene sulfonates
and has put forth what seems to be a logical explanation of the
phenomenon. The essence of his explanation is that the excited state
of a species will possess a different electrolytic dissocilation constant
from that of the ground state. Thus, a dissociation which does not
‘take place when the species is in the ground state, may take place

when it 1s in the excited state, With the amino acids it has been
shown, by means of absorption spectra, that the dissocistion

coo o €00~
@Nua —= @-NH“

does not teke place, However, the possibility does exist, following
the reasoning of Forster, that in strongly alkeline solution the
following process could take place,

coo~ o0~ Path A co0”
@NH” @JH, @NH, :E];?;eacenca
Path B
co0™
@mﬁ* S E— @—NH ———> NHg+

+OH

That 1s, it 1s possible for the excited state, which has a different
slectrolytic dissociation constant from that of the normal state, to
dissociate within the life-period of 10™° seconds and thus kill the

fluorescence by returning to the normal state by path B, No absolute
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evidence can be put forth in support of the above hypothesis, but it
is the only explenation which is consistent with all of the observed
experimental facts.,

Aslde from the interesting behavior of the amino acids at higher
pH's, the important information to be obtained from the pH curvee is
that the three lsomers maintain constant fluorescence intensity over
the pH range 7 to 10, Therefore, for quantitative work with these
fluorescence intensities, it is desirable to work with solutions whose
PH is within this range. A sodium hydroxide~boric acid buffer, having
a pH of 9.0, was prepared and used in preparing all the amino acid solu-
tions so that this condition would be fulfilled.

Referring again to the fluorescence spectra, Graphs 18, 19 and 20,
it is obvious what approach must be used in an attempt at mixture
analysis, The fluorescence maximum of the pars isomer, under 265 mu
excitation, occurs at 345 mu and hence is free from interference by
the fluorescence spectra of the ortho and meta lsomers. Therefore, an
independent fluorescence intenslty messurement, indicative of the para
isomer concentration can easily be made, The fluorescence spectra of
the ortho and mete isomers are, however, almost ldentical and are
activated under the same conditione. Consequently, one must rely upon
obtaining additivity of fluorescence intensities for the resclution of
this pair. Activation of the ortho-meta pair can be effected by both
303 mu and 31l m radistion. Therefore, the two measurements necessary
for the calceulation of the concentrations of the two isomers are

readily obtained, Also, no interference from the para isomer is
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encountered because the para isomer does not absorb at these wave-

lengths and hemce, will not fluoresce,

2, Preparation of Calibration Curves

The amino acids employed in this study were Eastman White Label
chemicals and were recrystallized from absolute methyl alcohol before
use.

Aqueous stock solutions of the recrystallized acids were prepared
which contalned 1.5 milligrams of amino acid per milliliter of solution,
All subsequent solutlons prepared and used in the remainder of this
work were prepared by dilution of aliquots of these sclutions with
borate buffer.

The borate buffer solution was prepared by dissolving 0.86 gm.
sodium hydroxide and 3.1 gm. of boric acid in one liter of distilled
water, Solutions of this composition give pH readings of 9.0 when they
are measured on a Beckman pH meter,

The stock solutions, after standing several days, take on a yellow
cast and on prolonged standing tura amber, This coloration is probably
due to air oxidation of the smino group and indicates slow deterioration
of the solutions., Although the solutlions develop color within a few
days, no significant difference in the fluorescence intensities, of
solutions made by dilutions from them, could be detected over a period
of two weeks time, However, as a precautionary procedure, fresh stock
solutione were prepared whenever coloration was noted.

Because of the apparent instability of the amino acid solutions,
1t was declded to use a secondary standard for instrument calibration.
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The order of megnitude of the fluorescence intensity observed for the
sminobenzole acids was approximately the same as that observed for the
hydroxybenzoic acids, Consequently, a salicylic acid solution con-
taining 6.0 p.pum. of the acid in pH = 5.5 acetate buffer solution, was
again used as the standard for instrument calibretion. The standard
solution, activated with 31, mu radiation, was assigned a reading of
14.0 at 410 mu. A1l subsequent measurements are, therefore, relative
to instrument calibration with this standard solution., As befors, the
standard solution was prepared fresh each day to insure against
possible deterioration and to obtain meximum reproducibility of measure~
ments,

The range over which the fluorescence intensity was a linear
function of the concentration was determined and found to be from 0 to
6 p.p.m. for gll three acids, Calibration curves covering this concen-
tration range were prepared for the three isomeric acids in the following
manner.,

(a.) o-Aminobenzoic acid: The flucrescence intensity, as a
function of conoentraﬁon, was measured at LOO and 410 mu
under excitation by both 303 mm and 31l mu radiation,
Readings were taken at 40O and L10 mu so that a double check
could be made on the concentration of isomer present.

(b,) meAminobenzoic acid: The procedure hers is identical to that
1isted above for o-aminobensoic acid,

(¢.) p-Aminobengoic acid: The fluorescence was activated by
sbsorption of 265 mu radiation and the fluorescence
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intensity was determined as a function of concentration at
340 m:, The fluorescence intensity was measured at 340 mu,
rather than at the 345 mu peak, as a precantionary measure
againat interference by the ortho and meta isomers. Their
fluorescence spectra begin at 350 mu and should not interfere
with the 345 mu para isomers emission, However, to insure
against interfersnce, the fluorescence intensity readings
were taken at 340 mm,

Graphs 2L, 25, 26, 27 and 28 show the calibration curves obtained in

this m@rq-

Inspection of the o~aminobenzoilc scid calibration curves, show that
the flucrescence intensities as functions of concentration can be
expressed by a slope~intercept linear equation., Thus, for 31k mm
exeitation of o-aminobengzoic acid solutions, the following expressions
are true.

(a.) For LOO mm emission
314

(b.) For 410 mu emission

314
If"uo =« 8,6 Co+ 0,5

where If = fluorescence intensity
Co = concentration of o-aminobenzoic acid in p.p.m.
8imilarly, for 303 ma excitation of o-amincbenszoic acid, the following

expressions are true.
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203
(c.) If"coc = 5.5Co+ 0,5

203
I
o430

(d‘) - 500 Co » 055

The calibration curves of meaminobenzoie acid can be expressed in

exactly the same manner,
314
e) I a L. .
{e.) fng00 " 4.3 Cm + 0,5

214 '
(£.) Ing w }.6Cm+ 0.5

03
(g') If:iﬁﬁo L 3;8 ﬂm L 0;5

503
(h.} Ifm410 = 4.1 Cnm+ 0.5

When both the ortho and meta isomers are present in a solutionm,
the fluorescence inbtensity measurements at L0O mu or at 410 mu, under
31k or 303 mu irradiation, should be the sum of the individual intensi-
ties, This can be lllustrated with the readings takem at 400 mm,

) T e 1o e 12 . 9,200 4 b3 Gm o 1,0

™ b : ; . = J e ‘ L3 .
8400 fo400 fmgo0 *

) 2% . sos 303
L J
(. 8.00 fogo0 fMg00

Therafore, if the predicted additivity is a reality, simltaneous solu-

s 5,5C0+ 3.8Cn+ 1,0

tion of equations (i,) and (J.) will yield values of the concentrations
of the ortho and meta isomers present, The identieal procedure can 'be
carried out for the fluorescence measurements at 410 mu and another pair
of values for the concentrations of the ortho and meta lsomers can be
cbtained, The average values of the concentrations obtained from the

400 mu measurements, and those obtained from the 410 ma measurements,



should then be representative of the true sitwation if additivity of
fluorescence intensities is obtained,

The oalibration curve for the para isomer is used directly, since
the reading at 340 mu, under 265 mu excitation, is independent of any
interi‘erenge by the ortho or mete isomers,

8imilarly, if either the ortho or meta lsomer is present alone or
in a mixbture with the para isomer their concenirations are determined
directly from the calibration curyes. It is only when the ortho amd
meta isomers are present at the same time that one must resort to calcu-
lation from simmlianecus equations, When the ortho isomer is free from
interference by the meta isomer or vice-versa, four fluorescence
intensity measurements are taken which are indicative of its concen-

14 34 /08 IQ‘M

3 |
trati These arej I I I and
ranon. } f400' “f410" “fa00 fa10

script refers to the wavelength employed for excitation and the subscript

» where the super-

refers to the wavelength at which the fluorescence intensiiy is measured,
Concentrations corresponding to these intensities, are obtained from
the appropriate calibration curves and an average concentration is

reported,

3. Results of Mixture Analysis
Tast mixtures of the three possible binary mixtures and the one

ternary mixture were prepared, The mixtures were prepared by taking
aliquots from the stock solutions of the aclds and diluting them to
100 ml. with borate Wuffer solution., Therefore, the final test sclu-

tions, upon which measurements were taken, were all at a pH of 9.0.
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The measurement procedure on the test sclutions was conducted as

followsn:
(1.)

(2.)

The test solution is activated with 265 mu radiation and a
fluorescence intensity measurement is made at 340 mu. This
reading will yield the concemtration of the para isomer
directly from Graph 28, the para isomer calibration curve.
The wavelength of the asctivating radiation is changed to
303 mu and fluorescence intensity measurements are made at
410 and 430 mu., This procedure is then repeated with 314
m activation. The four readings, obtained in this manmer,
glve four checks on the concentration of either the ortho or
meta isomers if they are present alone, If the two isomers
are present together, the four readings yileld twe sets of
simultanecus equations from which the concentrations of the
ortho and meta iscomers can be caleulated, The concentrations
reported then, are the average concentrations found from the
four measurements 1f elther of bthe lsomers is present alonej
or if both are present, the concentrations reported are the
averages of those obtalned from the solution of the two sets

of simaliancous equations.,

The results obtained on the four possible types of mixtures are

shown in Table VIII.
Tt was mentioned previously that the concentration of the orthe

and meta isomers reported, when they are not simultaneously present,

are the average concentrations obtained from the fouxr readings3
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trations, of the ortho isomer in mixtures 1, 2 and 3, and the meta isomer

« In order that the average concen-

in mixtures L, 5 and 6 be more meaningful, Table IX has been constructed
to show the concentrations found from the four readings and gveraged to
give the values reported in Table VIII,

TABLE IX

RESULTS OBTAINED FROM INDIVIDUAL READINGS ON THE
ORTHO AND META ISOMERS

Concentration (2.9,,'.2 Ortho Isomer Found
-5 < ‘ Z 'y on 1321

Mixtuxr I

° fe00 ?Efuo Ifwo fer0

1 0.79 0.77 0.79 0.77
2 L5 L,ho L.u3 Lohk
3 1.k 1.48 1.47 1,49
Concentration gg.g.m.g Meta Isomer Found

oy I I " x 1'3125
e If-wo far0 feo00 fa10
L.53 L.50 L.52 L.53

3.00 2,95 2.96 2,97
6 0,78 0,76 0.73 0.77

The values recorded sbove indlcate that, on the average, all four
measurements are equally accurate. Consequently, for practical appli-
cation, it would only be necessary to take one of the four readings to

obtain a representative measure of the concentration of whichever

isomer is present.
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Referring again to Table VIIT s 1t 18 seen that in all cases the
concentration of the para isomer is easily end accurately determined
by the measurement at 340 mu. 8imilarly, if either the ortho or meta
isomer 1s presemt alone with the para isomer, no difficulty is encountered
in obiaining accurate measurements of their concentrations., However ’
when the ortho and meta isomers are present together and one must rely
upon the solutlon of sirmltaneous equations to determine their concen-
trations, the results are not nearly as good, The error, percentage~-
wise, is consldersbly higher than that observed in mixtures where it
is not necessary to rely upon additivity of fluorescence intensities.
The percent error, as would be expscted, is greater at lower concen-
trations and in the extreme case is approximately 50%. The resolution
of the ortho-meta pair should, therefore, be classified a2 an approxi-
mation rather than a determination, The aspproximation should be valid,
even in the extreme cases ito approximately 2 0.5 PepPom.

If a large number of approximations of the ortho and meta isomers
concentrations were to be carried out, one could aveid the tedious
process of arithmetic calculation of thelr concentrations by the
preparation of a calibration grid similar to that described in a previous
gection of this work, This could be accomplished by plotting values of
Ii’::o versus values of Igzzo for a series of mixtures containing known
quantities of the two isomers, If the points corresponding to constant
ortho concentration were then joined and the same was done for points
corresponding to constant meta concentration, a calibration grid would

be obtained. A grid could be obtained in lilke mammer for the fluorescent
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emission at 410 mu, The two calibration grids would replace the two
gets of simltanecus equations and make it possible to obtain the

concentrations of the ortho and meta isomers, from the LOO and 410 m

readings, without caleulation,



SUMMARY
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SUMMARY

A spectrofluorometer has been constructed to facilitate the obtain-
ing of fluorescence spectra under conditions of monochromatic excitation.

The instrument has been utilized to study the fluorescence
characteristics of some mixtures of fluorescent organic compounds, which
are chemlcally quite similar, These studies have shown that differences
in the fluorescence characteristics of these compounds do exist and
that they cen be employed to analyze mixtures of these compounds.

The sgpectrofluorometric approach has been applied to the following
nixtures of organic compounds and has proved to be a repid and accurate
analytical method,

1.) Hydrocarbon mixtures consisting of anthracene, phenanthrene

and fluorene, in all possible mixture combinations have been
determined., All three components can be determined individually
with an average error of less than 5%, The concentration

range, over which the method is applicasble, is O to 5 p.p.m.

(0 to 5 micrograme per milliliter), However, higher concen-
trations can be handled by diluting until the concentrations
fall within this range.

2,) Isomeric mixtures of the hydroxybemzoic acids have been

studied and 1t has been found that mixtures of the ortho and
meta iscmers can be quantitatively determined, Furthermore,
the para isomesr is non-fluorescent, under the conditions

employed, and does not constitute an interference in the
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determination of the ortho and meta isomers. The method
developed is applicable over the concentration range of

0 %o 12 p.p.m, and yields results, for both isomers, which
are subject to an average error of less than 5%.

3.) Hixbures of the isomeric amincbenzoic acids have also been
studied and analytical methods have been developed for the
determination of the following mixture components:

(2,) Both the ortho and para isomers in the presence of
one another,
(b.) Both the meta and para isomers in the presence of
one another,
(e¢.) The concentration of the para isomer in the presence
of both the ortho and meta isomars,
The above determinations can be carried out over the concentration
range 0 to 6 p.p.m, with an expected average error of less than 5%.

A method has also been described for the appreximation of the con~
centrations of the ortho and meta isomers in mixtures. The method is
applicable over the concentration range O to & p.p.m. but yields results
which are sgccurate to only * 0.5 p.p.m.
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