
lie mmmMm mm vmmauam car * » s  mmmcar ammto mmmm

%■

Qian At HmmtA

m amMX

$Mtt W m s M ^ t of us&t Sd^soo
> h - A ' j a i A J [  id8W*fflfc Jn$M  nfc ^%«ifc.afalUlhrak hw j® J Jfc^Ln mu. -uatm "Tiiahna**-^ n.ffc .‘Wfnrt I'rJ'iftHimi iffMmil is&ir

for $&* 4$&gWM» of

$ m m  m  p m m m m .

ttoqwFtem& of

t e  3$S§

,%P^W0id
mwii' ih'hui mumwi



Glen A . Thomraes

mruzs:

A 9pmtrt>S^mvom%mr was constructed ploying a Farraud W  

tor for m lm tin ®  the asciting vm & M m  and a Beckman UU 
•Swtroptootometor with a phoiomatipltsr attacbaaat fbr measuring th© 
fluorescence intensity* Tha ̂ citation aourc® was a Kaiwia S-a msrmxry 

Im p with ths glass o&ralopa rsmrad*
%  utilising differences la ftm tw om m * spectra under different 

condition®, methods for ifc® <|uantXi&tiYe analysis of tha following 
mixtures of orgsx&s empomd» ware worked oat,
X* ABthgaoans* Phsaimt^sn.# and fluorc&e

Only snthracsae fluoresces when a jasthyl alcohol solution of the 
hy&tHHufeotia Am exposed to 365 m  notation and, therefore, may bo 
d&tarw&xied directly In ths prsssnoe of tha other compounds*

Ilisnaiitfcrsia* and fXuercna arc both welted by 365 tsi racHatton*
The florescence ̂ p®sina of fluorosis partially overlaps that of 
ph&nanthrens but at 316 m  it is tmm fmm interference and In , therefore, 
measured at this warolongth.

i^aaonthrono fluorescence iabenetby is mmmv®& at 350 m+ At 

this uaroX^ngth tha f&snan&hraa® amission is fro# of fluorescence 
Interference fron anthracene but is subject to interference by tha 
fluorescence spectrum of Huoratwu Also the fluorescence at 316 mx 

and 350 *®a is subject to Absorption by anthracene and. the 316 m  

flttorsns emission is subject to absorption by phensnthrens. Corrections 
arc applied to the reading® which arc then used in a graphical method

iv
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of solution. The average mtvor in this issthoti la 1m * than 5> over 
the concentration rang® Q to 5*0 p*p.m#
2# Para Hydroxybaasofo Acids

The ortho and ssota isobars are fluorescent in aqueous solution, 
shan excited by 31U sm radiation, but the para isomer is not* The 
ftaoresoaroe spectra of iha ortho and sasfca laomra are of similar shape 
but that of the nata cot^omd la slightly displaced tosarcla longer 
ss^eleagthe* At a pH of 5*5, only tha ortho iao^er fluoresces and 
tharafora, it can be dat#rssis*id cirectly. In a solution haring a pH 
of 12*0, the observed flnaraaaanaa la the mm of the fXuoresoanee 
intanaltioa of both sold®. ais$%i& subtraction of th# contribution of 
the ortho immm to the over-all &uor*ac*i3o$ Intensity of the pH • 12.0 

solution, than yields a mmmm of th# net* isosw.
The isatbod la applicable ever the e&neentratiori mnge 0 to 12 p.p*m«, 

without Interference frox the para factor, sad yields results with an 
average error of loss than for both adds*
3. th# Ihomerfo Aafaobentoic Acids

The ortho, msta and para aadjtobsosolc acids are all fluorescent 
under identical pH conditions, i a w w ,  the fluorescence spectrum of 
the pm& 1m m r 1© Isolated from these of the ortho and net* isomers. 
Coassqpently, mixtures of the ortho and para or the sjeta and para 
l&mmm are easily datcminod over the ccmcantratlon range of 0 to 6 

with an average error of lee® than $$%

The fluorescence spectra of the ortho and raata isomers are similar 
in shape and their fluorescence ®m%m are only separated by 10 m t

r
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htiMMi cm  mmt rely vpm a&ditivity of fluorescaoca intensities to 
resolve this pair, A i'ssthed Is prsssxstad for this resolution based 
upon the solution of simltaneous equations for nuoroscoocD intomlly 
sso&soro&snfc# under two separate conditions of excitation, the results 
of tills saetfcod arc only accurate to i 0*5 p.p.au

vi
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(&iantitative determination of a fluorescent species cone entration 
is based upon the fact that in dilute solution the fluorescence in­
tensity is directly proportional to the concentration, c, of the species 
present, that isa

1 4  If * Kc

It can be shown that the constant K is a function of the wavelength 
of the exciting radiation, the incident intensity of the exciting 
radiation, the length of light passage and the quantum efficiency of the 
absorbed radiation in producing fluorescent emission, that isi

2.) K «

where3

Q - quantum efficiency - , *£m w * * Intensity of radiation absorbed Ta
Xe * intensity of exciting radiation
€ m molar absorbtivity
d » cuvette length

The validity of the above relationship can easily be shown in the 
following manner (10). If Be@r*s law is assumed to hold for the 
absorption process, the radiation absorbed by the solution is given by,

3.) la - I0 (X - e” 6 d °)
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and the intensity of the fluorescent emission is then*

U.) If - QIa - QIo (1 - s* °)

For small values of c, equation h can be replaced by,

50 If ■ OX© ^ d c * Ke

and the fluorescence intensity is shorn to be a linear function of con­
centration, provided that the wavelength and intensity 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 characteristic® of the species in the 
mixture, three of the four approaches to mixture resolution are similar 
in that they depend upon obtaining an independent measurement of the 
concentration of one or both of the species present. The four methods 
of resolution are listed below.

(1) If the fluorescence spectra of the two compounds are suffi­
ciently separated, such that there are regions in each spectrum 
which do not overlap, independent measurement® 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 oases 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
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obtain a fluorescence intensity measurement indicative of th© 
concentration of one of the species without interference from 
th© 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, if the compounds under consideration 
are acids the fluorescence spectra of the undissociated and 
dissociated forms will be different or, what is more likely, 
one form will exhibit a fluorescence spectrum and the other 
will not* Then if the two acids under consideration have 
sufficiently different dissociation constants it would be 
possible, by controlling th© acidity of the solution, to main* 
tain one in the dissociated form and the other in the associated 
form* This situation results in maximum separation of spectra, 
if both species are fluorescent, or it may cause on© to be 
fluorescent and the other not*

(h) The fourth method of resolution depends upon obtaining additivity 
of fluorescence intensities in much th© same manner as absorb* 
ances are found to be additive in adsorption spectroscopy* The 
principle of additivity nrnst be applied when two compounds 
exhibit similar fluorescence spectra which can not he made 
mutually independent in one of the above ways* If this situ­
ation obtains, then th© fluorescence intensity of the mixture, 
read at some wavelength, X R, and resulting from irradiation 
by a wavelength, , would be given by:



u

T6.) 1^ * Total fluorescence intensity » 4

then remembering that K * -f ( X  ^ )3 another value of the 
total fluorescence intensity can be obtained by changing 
toa ̂ le n g th  of irradiation to A r», then,

7.) ifT< * v ^ v s

and simultaneous solution of the two equations 6 and 7 will 
yield the concentrations of the components A and B*

In the past very little attention has been devoted to cdxture analy­
sis by fluorometric procedures* The primary cause of the slow development 
of this technique of analysis has been that the basic instrumentation 
in this field has consisted of a filter fluoromster 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 
mi nifflfll use of the differences in fluorescence spectra as a technique 
in resolving mixtures*

In recent years an increasing awareness of the importance of fluor­
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
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employing the monochromator of the Beckman DTJ spectrophotometer to 
resolve fluorescent emission and thus obtain fluorescence spectra*
They have, however, maintained the use of a filtered light source*
Collat and Rogers (h ) have recently constructed what might be character­
ized as a complete spectrofluororaeter by making use of two Beckman Dll 
monochromators, one to obtain monochromatic radiation for excitation of 
the sample and one to analyze th© fluorescent emission*

Employing the instrument described above, Rogers and co-workers 
have been successful in analyzing mixtures of aluminum and gallium 
oxinates (h) and thiamine and riboflavin (12) fluorometrieally* 
Unfortunately, however, they were unable to obtain a clear 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*

Th© object of th© work to be discussed herein, was to ascertain 
whether or not the principles of speetrofluorometry, as outlined above, 
could b© practically and simply applied to th© determination of mix­
tures of organic compounds, and in particular to isomeric mixtures 
which are exceedingly difficult to analyze by conventional methods.
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m nm m m km m

The spectrofluororaeter assembled for use In this work is shown 
schematically in Figure 1* The component parts used in the assembly of 
this instrument are*

A,) dommercially available parts *
1*) A Beckman 1)0 spectrophotometer with a photomultiplier 

attachment*
2.) A Farrand grating type monochromator covering the 

range 220«*W*O mu.
3.) A fused silica lens*
h *) A Hanovia 34* mercury arc equipped with a 115 volt 

constant voltage transformer*
B,} Constructed Parts*

1.) light channel*
2.) Cell compartment.
3«) Lens mount*
U*) Arc housing*

The light channel and the arc housing were constructed of galvanised 
sheet metal while the lens mount and cell compartment were machined from 
aluminum stock* Figure 2 shows sketches and dimensions of these parts*

The S-U 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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BECKMAN MONOCHROMATOR

CELL COMPARTMENT

PHOTOMULTIPLIER TUBE 
I HOUSING

FARRAND
MONOCHROMATOR

ARC HOUSING

LIGHT CHANNEL 
TO PHOTOTUBETO 115 V. CONSTANT 

VOLTAGE TRANSFORMER

PHOTOMULTIPLIER
CONTROL UNIT

FIGURE I. BLOCK DIAGRAM OF SPECTROFLUOROMETER
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Unfortunately though, the intensity level of th© arc, at wavelengths 
less than 300 mu, was too low to make the arc practical for ultraviolet 
fluorescence excitation. At wavelengths above 300 mu* however, the 
intensity of the arc increases rapidly and it was effective in producing 
visible fluorescence from fluorescent compounds which absorbed above 
300 mu. The S~k mercury arc, however, has spectral lines both above 
and below 300 m  which are sufficiently intense for fluorescence 
excitation. Consequently, it was selected as the excitation source,
The mercury arc, as it comes from the manufacturer, is enclosed in a 
glass envelope, Since glass is opaque to wavelengths less than 316 
millimicrons, the glass envelope was removed in order to make the short 
wavelength output of the arc available.

The arc housing is connected through the lens mount to the entrance 
slit 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 manner that the cell holder maintains the cell 
in a position in line with the normal exit slit of the Beckman mono* 
chromator. The light channel, t&ich is connected to the photomultiplier 
tube housing, is brought to bear, in a light tight seal, against the 
side of the Beckman faceplate and surrounds the normal light entrance 
aperture* Thus, fluorescent emission from the solution In the cuvette 
traverses the Beckman monochromator in the reverse direction of that 
encountered when It is 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 parte constructed for use in the spectrofluorometer assembly 
were machined in such a manner that coupling of the parts to the Beckman, 
the Farrand monochromator and the photomultiplier tube housing could 
be made to screwtaps already present* Therefore, the spectrofluoro­
meter can be readily dismantled and the Beckman instrument converted 
for absorption work in a matter of a few minutes*

For practical use there are seven mercury lines which are sufficiently 
intense for excitation use* These arej th® U36, h05, 365, 31U, 303, 265 
and 25U m  lines* Experimentation has shorn that the use of a 1*0 mm 
entrance slit and a 0.5 mm exit slit on the Farrand monochromator 
permits resolution of 1b® 311* and 303 mu lines and passes a sufficiently 
high intensity for efficient excitation# Consequently, this combination 
of slit widths was selected for use with the source monochromator.

The cuvettes used with th® instrument must be of fused silica or 
quarts if it is desired to work with compounds which are excited by 
wavelengths less than 316 mu* Clear window silica cuvettes, 10 x 20 x 50 
jams*, were obtained from the Farrand Optical Company and proved highly 
satisfactory for fluorescence work in th® ultraviolet and visible 
spectral regions*

Regular Beckman absorption cells, composed of fused silica, were 
also used with the instrument* Fluorescent solutions in these cells 
were irradiated through one of the clear window faces and th® fluorescent 
emission was then measured from one of the frosted window faces*
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FLUORESCENT RADIATION

QUARTZ PRISM

\  PHOTOTUBE
EXCITING RADIATION

GRATING

CUVETTE

ARC

FIGURE 3. RADIATION PATHS IN SPECTROFLUOROMETER
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Readings obtained ■with the Beckman cells and the Farrand cells were 
quite comparable except with short wavelength emission, where th© clear 
Farrand cells were much more efficient in passing the fluorescent 
emission, this effect is particularly apparent in the case of the hydro­
carbon fluorene , With this compound, the use of th© clear cells gives 
a fluorescence intensity reading at 316 urn which is approximately twice 
that of the reading obtained with th© frosted Beckman cells*

the method of obtaining fluorescence intensity measurements with 
the spectrofluorometer is as follows*

1,) The mercury lamp and the Beckman instrument should be allowed 
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 knob is turned to its counter clock­
wise limit*

3*) The Beckman instrument is zeroed with th© dark current control 
and the instrument is calibrated with a standard solution*
This standard solution is preferably prepared from one of th© 
compounds being studied, if it is sufficiently stable. In 
the calibration procedure th© cuvette, containing the standard 
solution, is placed in position in the cell holder and the 
excitation wavelength is selected on the source monochromator • 
Th© 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
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shutter is opened and the Beckman slit width is adjusted to 
obtain balance,

lw) Finally, the unknown solution is placed in the cuvette, the 
excitation wavelength and the wavelength at which the emission 
is to be read are selected and the fluorescence intensity 
reading is taken.
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EXPEEIMOTiL 

4* hydrocarbon Mxtures

1* Introduction
The compounds chosen for th© initial mixture study were the coal 

tar hydrocarbons 1 anthracene, fluorene and phenanthrene. This system 
u&® chosen because it appeared to be a relatively simple mixture to 
attack and Seemed to be an ideal pilot mixture.

The fluorescence spectra of these compounds, in absolute methyl 
alcohol, are shorn in Graph 1. Th© spectra show fair separation, but 
also show overlap regions and selectivity of response to the wavelength 
of th© exciting radiation* This mixture is, therefore, one which 
permits practical testing of three of the methods of approach to mixture 
analysis outlined in th® introduction of this dissertation. That is)
(l) the isolated 316 mu fluorene peak can be employed as a direct measure 
of the fluorene concentration in mixtures. (2) A fluoreseene 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 
th© anthracene concentration* Activation with radiation of 265 m  
wavelength causes excitation of the spectra of all three compounds.
The anthracene 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 spectrum excited by 265 mu irradiation is
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considerably more intense, as would be expected, since the anthracene 
absolution at 265 mu is greater than at 365 mu.

The quailitatlve data indicate that it should be possible to resolve 
mixtures of these coirpounds in the following manner*

1.) Anthrac ene-Phenanthr ©ne mixture*
Activate a methyl alcohol solution of th© hydrocarbons 

with 365 mu radiation and take fluorescence intensity readings 
at UOO and U20 mu. These wavelengths correspond to two peaks 
in the anthracene fluorescence spectrum and give two direct 
checks on the anthracene cone ©nitration* The anthracene con­
centration reported would then be the average concentration 
obtained from these two readings* Then activation with 265 mu 
radiation and a fluorescence intensity measurement at 350 imi 
should give a reading indicative of the phenanthrene concen­
tration*

2.) Anthracene-Fluorene Mixtures
Determine th© anthracene concentration by excitation with 

365 mu radiation and fluorescence intensity measurements at 
iiOO and U20 mu, Th© fluorene concentration would then be 
determined by excitation with 265 mu radiation and a fluorescence 
intensity measurement at 316 mu*

3*) Fluorene-Pherianthrone Mixture*
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 uni* this reading should be the sum of 
the 350 mu emission of the fluorene present and the 350 mu 
emission of the phenanthrene present# Since the concentration 
of fluorene is known from the 316 mu reading, its contribution 
to the 350 mu mission can be calculated and subtracted from 
the 350 mu reading. The difference between the two readings 
obtained should be indicative of the phenanthrene concen­
tration.

iw) Anthracene-Fluorene-Phenanthr ene Mixture*
The anthracene concentration would be determined directly 

from reading® at kOQ and U2Q mu under 365 mu irradiation.
The concentrations of fluorene and phenanthrene would be 
determined as described in (3) above.

The experimental work described below m s  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 azeotropic distillation, under reduced pressure, with ethylene glycol 
**yid diethylene glycol according to the procedure of Feldman et al. (5). 
The fluorene used was purified by repeated vacuum sublimation. The 
starting materials in all of the purification procedures were Eastman 
Miite Label Chemicals. The purification procedures were repeated until 
melting points, absorption spectra and fluorescence spectra of the 
compounds indicated a high grade of purity. Baker*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. All subsequent solutions prepared and used in the remainder of 
this work were prepared by direct dilution of the aforementioned stock 
solutions#

The concentration range, over which th© fluorescence intensity 
remained directly* proportional to the concentration of hydrocarbon 
present, was determined in the following manner. Solutions containing 
known varying concentrations of the hydrocarbons were prepared and 
their fluorescence intensities measured. These solutions were prepared 
by diluting aliquot portions of the stock solutions with methyl alcohol. 
The range over which linearity was observed for the three hydrocarbons, 
was found to be from 0 to 5 parte per million, or what is equivalent,
0 to 5 micro grams per milliliter* That is, plots of fluorescence 
intensities versus concentrations for anthracene activated with 365 mu 
radiation and fluorescence intensity read at 1*00 and 1*20 mu, phenanthrene 
activated with 265 mu radiation and read at 350 mu and fluorene acti­
vated with 265 mu radiation and read at 316 and 350 mu, displayed 
linearity over a concentration range of 0 to 5 parts per million*

The ranges having been thus determined, calibration curves, that 
is, plots of fluorescence intensity versus concentration, were prepared 
for the three hydrocarbons *
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In obtaining the readings for the calibration carves the instru­
ment vas calibrated by assigning a fluorescence intensity reading of 
17*0 to a solution containing 3*50 parts per million of anthracene 
when the fluorescence m s  activated by 365 ran radiation and the in­
tensity m s  read at hOO mu* This reading m s  selected for the standard 
because it permitted the use of an approximately 1*0 mm* slit width 
on the Beckman monochromator * This slit width has previously been 
designated (b,12) as an optimum for spectrofluorometrlc 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 standard such as quinine 
sulfate, because of the well known oxygen quenching of the fluorescence 
of polynuclear hydrocarbons (1,13,1U,15). Oxygen has an appreciable 
solubility in methanol, 0*175 cc/ml of methyl alcohol at 18°0.
Therefore, the concentration of oxygen present in the hydrocarbon solu­
tions must be compensated for in some fashion if it is not constant 
from day to day. Since the solubilities of gases in liquids are quite 
highly temperature dependent, 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 
th© oxygen quenching! (1) Remove the oxygen by flushing with nitrogen 
and maintain a 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



20

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 as the method of controlling the degree 
of oxygen quenching.

The data shown in Table X are that taken for the preparation of 
calibration curves. The standard solutions, used in obtaining this data, 
were prepared by methyl alcohol dilution of aliquots of the stock solu~ 
tions. The standards were prepared and measured on two different days 
to obtain a check on the reproducibility 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 lu

With the calibration curve data now available, a group of synthetic 
mixtures of all four types, three binary and one ternary, were prepared. 
When these mixtures were analysed by the procedure outlined above, it 
was found that the phenanthrene and fluorene results were always low, 
at times by as much as 25-5>0$, while the anthracene results checked out 
with the theoretical within 2-1$. The magnitude of the negative 
deviations in the fluorene concentrations when in a 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 
is noted for the 316 mu fluorene ©mission, that is, it decreases with
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TABLE I
HUBOCAKBON CALIBRATION CURVE DATA

Anthracene (36ft pa Irradiation) 
Anthracene 1 :  ̂ • whreffii^
Concentration 
in pfp*n«

UOO mu 'li20 mu. S i  r Are* I 2 “  1Are*
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 7.10
3.5 17.0 17.0 17.0 10*0 10.0 10.0
5.0 23.8 23.6 23.7 13.0 lit.O 13.9

Phenanthrene (265 m  irradiation)
Phenanthrene 
Concentration 
in p.P.m.

Wavelength of Measurement
.. . r. 3 5 0 jm' T  ̂ "i"' 2 Are.

0.5 1*20 1.20 1.20
1.0 2.10 2 *16 2.13
2.5 k*ko U.60 U.50
3.5 6.00 6.30 6.15
5.0 8.20 8.60 8, hO

Fluorene (265 ms. irradiation)
Fluorene 

Cone entration 
in p.p.m.

Wavalamrth of Measurement
316 am 350 am

,,“rT r‘ "2 Are. 1 2 Are.

0.5 9.60 9.70 9.65 1.20 1.30 1.25
1.0 18.3 18.3 18.3 2.20 2.20 2.20
2.5 1*1* .0 UU.5 1*1*.3 U.90 5.10 5.00
3.5 60.6 60.7 60.7 6.70 6.70 6.70
5.0 83.0 8U.0 83.5 9.00 9.30 9.15
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increasing phenanthrene concentration. These deviations become more 
intelligible when the absorption spectra of the three hydrocarbons are 
considered* Graphs 5# 6 and 7 show the experimentally determined 
absorption spectra of anthracene, phenanthrene and fluorene, in methyl 
alcohol solution, which duplicate those of Friedel and Orchin (8).
On comparison of the absorption spectrum of anthracene with the fluor­
escence spectrum of fluorene, overlap areas are observed and it is seen 
that the fluorene emission at 316 m  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 
absorb the fluorene 316 m  emission when they are simultaneously present 
in a mixture* Then, for example, ifcen the fluorene emission is read at 
316 mu in the presence of anthracene, the apparent fluorescence inten­
sity, XfAs read is not that which would be read for an equivalent amount 
of fluorene present in the solution alone, 1̂ °, but is ratherj

% a * *f° * intensity absorbed by anthracene 
or

If* « If° - l f ° (l-afl“*A0A) • If°10“KACA 

which on rearranging becomes

log Xf ° - log Ifa - KaCa

where KA *• € d
£ m molar absorbtivity of anthracene at 316 mu
d * apparent "cell length" through which the fluorene 

316 mu emission must pass*
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Then If to some particular concentration of fluorene, varying 
concentrations of anthracene are added and apparent fluorescence in­
tensities, Xfft, are taken, a plot of log Î ° - log I â versus concen­
tration of anthracene should be approximately linear. This procedure 
was carried out experimentally in the following manner. Five solutions 
containing 0*5, 1,0, 2*5, 3*5 and 5*0 parts per million of fluorene 
were prepared and then to each one 1*0 p.p.m, of anthracene was added. 
These solutions were activated with 265 mu radiation and their 
fluorescence intensities, l â, at 316 mi were measured* From th© 
calibration curve for pure fluorene solutions, Graph 3, the correspond- 
lng values of If° for 316 w  emission are obtained and the values of 
K^C, or log - log If are calculated. Since in all of these solu- 
tions the concentration of anthracene is the same, the value of 
log I^° - log Ifa obtained for all the solutions should, theoretically, 
be constant* The values obtained for log X£° - log Î a for th© five 
solutions are not absolutely constant, because the precision of the 
measurement procedure is not absolute* However, if the high and low 
valua of log If° - log 1 /  are eliminated and the middle three value, 
are averaged, a fairly reproducible value of is 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,m. of anthracene as 
contaminant* Average value® of log 1£° - log X£& for four concentra­
tions of anthracene were thus obtained. Fluorescence intensity readings 
were also taken at 350 mu on these solutions so that the effect of 
anthracene absorption on 350 mu emission was determined at the same time.
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This process mas repeated with mixtures of fluorene and phenanthrene 
to determine the effect of phenanthrene absorption on the fluorene 
316 mu emission* The average results obtained by this method are 
tabulated in Table II,

The results, shown in Table IX, plotted as (log l £° - log Ifa) 
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 th© 
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 coneentration of anthracene can be determined inde­
pendently by activation with 365 mi radiation and is not in any way 
dependent upon the concentration of phenanthrene or fluorene present. 
Therefore, in anthracene-phenanthrene or anthracene-fluorene mixtures, 
the phenanthrene 350 mu emission or the fluorene 316 mu emission can 
easily be corrected for anthracene absorption,

log Î ° m log I^a + A

where, * log - log Î a, and is the correction term found from
the absorption plots for the concentration of anthracene present. The 
value of I-0, obtained in this way, is then used to obtain the coneen- 
tration of phenanthrene or fluorene, whichever is present, from the 
pure hydrocarbon calibration curves,

When mixtures of phenanthrene and fluorene are to be analysed, the 
situation is complicated by the fact that no independent method is
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TABLE XX
ABSORPTION CORRECTION DATA

Anthracene Absorption of 316 mu Emission
Coneentratic
Anthracene

n log If° - log l/
1 2 3 Average

0 p.p.ra* 0 0 0 01*0 0*015 0,009 0.030 0.018
2*5 Q.GU6 o.ol*o 0.032 0.0393*5 0*039 o.oltU 0.059 0.01*75.0 0*052 0.01)9 0.072 0.058

Anthracene Absorption of 350 mi Emission
Cone entration 
Anthracene

log ,° - log I *t X
l 2 Average

0 p.p.ra. 0 0
_________ _______________________________

0 0
1.0 0.033 0.026 0*036 0*032
2.5 0.067 0.058 0*062 0.062
3.5 0,095 0.071* 0*08? 0*085
5.0 0.108 0.118 0.112 0*113

Phenanthrene Absorption of 316 mu Emission
Concentration
Phenanthrene

log If° - log Ifa
.........  1~ ....... — 2 ___ 3 .. .. Average

0 p.p.ra. 0 0 0 0
0.5 0.015 0.016 0.028 0.020
1.0 0.030 0.015 0.039 0.028
2 *5 o.olo 0.01*1* 0.060 0,01*8
3*5 0*02ili 0,050 0.069 0.051*
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 mu fluorene emission must 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 mu 
emission and on# describing the 350 mu emission, in terms of the 
phenanthrene and fluorene concentrations and then solve them simultaneously.

The equation for the 316 m  fluorene amission is given by

log Ifa - log lf° - A  - log K316%- - A  
where Ifa and Î ° are as described before.

A » f (Op) m log I^° * log Ifa » absorption correction term 
Kal6 *  slope of pure fluorene calibration curve 
Cy * fluorene concentration in p*p.m*

The absorption term, A , cannot be expressed absolutely by Beer1# 
law, as was predicted, but if one plots A versus C ̂  rather than versusJr
0 a fairly straight line results (see Graph 10) and thus we can saysp

A -  * *
Ho theoretical explanation for this expression is obvious but it fits 
the experimental facts and permits the fluorene 316 mu emission to be 
expressed asi

(a.) log X#a » log K,i0Cf - kep-f

The fluorescence at 350 mu is indicative of the sum of the fluor­
escence intensities of the phenanthrene and fluorene present* This
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reading should bq ideally* given by*

^£ * ^sscPy *  ^’asc^p * lg

where *
Ka60 * slope of pure fluorene calibration curve, I- read at 350 mu,

K,as© " slope of pure phenanthrene calibration curve, X- read at 350 use. x
I * sum of phenanthrene and fluorene calibration curve 

intercepts#
In reality, however, the readings obtained for phenanthrene-fluorene 
mixtures at 350 mu do not correspond to this equation. The readings 
always tend to be less than the calculated value,

This difficulty was quite easily circumvented by defining a 
quantity, 3, the theoretical sum of the fluorescence intensities, 
Ignoring the intercepts#

S - K360Of ♦ K»360Cp

or

(b.) 3 * 1.9Cf + 1,6 Cp

The quantity, S m s  calculated for a group of mixtures containing 
varying amounts of phenanthrene and anthracene and the fluorescence 
intensities of the mixtures at 350 mu were obtained, A plot of the 
fluorescence intensity at 350 aai versus the value of 3 for the mixture 
yielded the curve shorn in Graph 11. Thus, from the fluorescence 
intensity reading at 350 mu and the plot shown in Graph 11, a value of 
S is obtained which can be expressed by equation (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* 
fluorene mixtures*

The above process, demanding the solution of simultaneous 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 desirable. A simple graphical method 
of accomplishing this resolution becomes obvious when it is realised that 
the combination of an apparent fluorescence Intensity reading at 316 mu 
and an B value obtained from the 350 mu reading, for a mixture of 
phenanthrene and fluorene, must be unique for the concentrations in* 
volved. This becomes more apparent when the value of the 316 mu 
fluorescence intensity is plotted versus the value of S for a series of 
mixtures. When this is done and the points corresponding to identical 
fluorene concentration are joined, and the points corresponding to identic 
cal phenanthrene concentration are joined, the grid shown in Graph 12 
is obtained. This grid then serves as a standard calibration curve for 
both phenanthrene and fluorane*

The use of the calibration grid is best explained by considering 
a specific example. Consider an unknown mixture containing phenanthrene 
and fluorene which gives fluorescence intensity readings of 37.0 at 
316 mu and 8*7 at 350 mu under 265 mu irradiation* From Graph 11 it is 
found that the reading of 8*7 corresponds to an S value of 9*0. Then 
the point corresponding to Ifa310 * 37*0 and S * 9.0 is located on the 
grid of Graph 12* This point, marked by an wx» on the grid, is seen to
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fall on a line of constant phenanthrene concentration corresponding to 
2*8 p.p.m. and a line of constant floor one concentration corresponding 
to 2*3 p.p.m. Thus the concentrations of the two components in the 
Mixture hare been determined directly by graphical solution of the pair 
of simultaneous 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 hOO 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 is determined by obtaining the fluorescence 
intensity at 316 mu under 265 *au 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 anthracene, the 350 mu reading obtained 
under 265 mu irradiation is corrected for anthracene absorption, by use 
of Graph 9, and is then used to obtain the phenanthrene concentration 
from Graph U, 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 
manner. Then the 316 mu and 350 mu readings, obtained under 265 mu
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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 mixtures of all four types, three binary and 
one ternary, were prepared and analysed by the procedure described 
above. The results obtained are shown in Table HI.

The average errors found in the determinations of the three hydro­
carbons were* *

Anthracene, * 3*1$
Phenanthrene, EaV(̂  ** lu6$
Fluorene, Eave< « h*l$

The maximum error observed was 15$; however, errors of this order 
of magnitude are exceptional and in the majority of determinations an 
error of approximately *$% should be expected.
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B. Th© Hydroxybenzoic Acids

1* Introduction
In the second system of compounds to be studied it was desired 

that the farther variable of acidity control be coupled with those of 
■wavelength of exciting radiation and wavelength at which the emission 
intensity is measured*

Salicylic acid, the ortho isomer of the hydroxybenzoic acids, is 
a fluorescent compound and its fluorescence intensity is affected by 
acidity changes* This is to be expected since the fluorescence 
speetrum of a compound, like the absorption Spectrum, is character­
istic of the species present* Thus depending upon the pH of a solution, 
one or two of the following species could be present in solution.

CGOH
■H*

COO COO

0**

i ii in
It is, therefore, theoretically possible that all three species would 
show distinct fluorescence spectra. With salicylic acid it is found 
from qualitative pH studies, that species I is not fluorescent but that 
species II and IH are fluorescent under excitation with 31U mu radiation. 
It should be stated here that when a species is 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 fluorescent under 
excitation by some other wavelength. In all subsequent discourse the 
statement that a species is nan-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 HI are shown in 
Graph 13* The spectra are very similar, the only difference being that 
the maximum of the fluorescence band of species in occurs at 1*00 mu 
T&ile the maximum of species II occurs at 1*10 mu* Although the fluor­
escence spectra are markedly similar the species react quite differently 
under 311* mu irradiation* Species II is completely stable under prolonged 
irradiation, as shown by the fact that its fluorescence intensity remains 
constant, while species HI is decidedly unstable, as shown by the fact 
that its fluorescence intensity falls off rapidly under prolonged 
irradiation* Consequently, for analytical work, the fluorescence of 
species H  should be utilised since it is completely stable.

The meta isomer of the hydroxybenzoic acids can be considered in 
the same manner as was salicylic acid* Again there are three possible 
forms which can exist in solution, depending upon the acidity*
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As stated before, it is possible that all three of these species 
could exhibit fluorescence spectra* Under the conditions of excitation 
available, however, only species in* is found to be fluorescent.

The fluorescence spectrum of species HI, under 31I4. mu excitation, 
is shown in Graph liw It is seen to be very similar to the spectra 
observed for the two fluorescent forms of salicylic acid. The shapes 
of the three spectra are all identical and only differ in the wavelength 
of maximum fluorescence intensity* The fluorescence maximum of the 
fluorescent form of m**bydroxyb©azoic acid occurs at U20 mu as compared 
to iiXO m  for the stable form of salicylic acid and hOO mu for the 
unstable form*

When p-hydraxyb ©azoic acid is investigated in the above manner it 
is found that none of the three forms is fluorescent under 3lU m  exci­
tation, Under mu excitation the doubly ionised form of p-hydroxy- 
benzoie acid is found to be very weakly fluorescent, showing a maximum 
at 3U0 mu* This emission is, however, too weak to b© employed on a 
quantitative basis*

For analytical purposes then, it should be possible to employ the 
fluorescent emission of singly ionized salicylic acid and doubly 
ionised m-hydroxybenzoic acid while no Interference should be expected 
from the para isomer*

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, 1b readily obtained from a study of the fluorescence 
characteristics under variable pH conditions. For salicylic acid it 
has been stated that the stable, singly ionised form shows a 
fluorescence maximum at klO mu under 311* mu excitation* Therefore, a 
group of solutions containing identical concentrations of salicylic 
acid mere prepared and adjusted to various hydrogen ion concentrations, 
either by the addition of hydrochloric add or sodium hydroxide. Then 
these solutions mere activated with 31k mu radiation and their fluores­
cence intensities mere read at hlO mu. The readings obtained in this 
fashion mere then plotted against pH* The curve which resulted is 
shown in plot A of Graph 15* The plot shews that below a pH of 1,5 no 
fluorescence is noted. This indicates that all of the salicylic acid 
is present in the undissociated form* As the pH is increased above 
1*5# fluorescence at UlO mu Is detected and the intensity increases 
rapidly mith increasing pH until it reaches a maximum 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*
As the pH is increased the concentration of this species increases, 
thus causing an increase in the fluorescence intensity. Finally at a 
pH of h.5, all ®f the salicylic acid present is converted to the 
Singly ionised form and the fluorescence intensity remains constant 
until the hydroxide ion concentration becomes great enough to begin 
neutralising the phenolic hydrogen ion. This process begins at a pH of 
approximately 13.0. Therefore, the pH range over which the salicylic
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acid is present completely in the singly ionised form is h.S to 13.0 
and Is the pH range, within which, quantitative fluorometric work 
could be conducted.

It is Interesting to note that the ionisation 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 add exists 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 p&a of the acid. From the 
plot the pH at the half-intensity point is found to be 3.17 and Fieser 
(6) lists the pKa for the first dissociation of salicylic acid as 3.00. 
Consequently, fair agreement is obtained between the literature value 
of the constant and the experimentally determined constant*

The same procedure outlined above, was carried out substituting 
m-hydroxyb enzoic acid for salicylic acid and measuring the fluorescence 
intensity at h2Q mu under 31U mu excitation. Plot B shown in Graph 15 
resulted from this study and shows that the doubly ionised 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 pKa for the second dissociation of m-hydroxy- 
benzoic acid should be 10.1* However, no literature value of the 
second dissociation constant of m-hydroxybenzoic acid could be found 
to compare with this value*

Collaring the two fluorescence versus pH plots, plots A and B of 
Graph 15, it can be seen that in the pH region U.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 possible to adjust the pH of the solution to $.5, activate 
with 31h mu radiation and obtain two indications of the o-hydroxybenzoic 
acid concentration by fluorescence intensity measurements at UlO and 
U30 mu. These measurements should be completely independent of the 
concentration of the meta Isomer present. Then, if the pH is adjusted 
to 12.0, the fluorescence intensity measurements at UlO and U3Q mu 
should be indicative of the sum of the ortho and meta isomers fluoresr 
cence intensities at these wavelengths. Since the fluorescence intensity 
of the ortho isomer should be the same at a pH of 12.0 as it is at a 
pH of 5.5, simple subtraction of the pH » 5.5 readings from the pH •
12.0 readings should give difference readings indicative of the 
m-hydroxybenzoic acid concentration.

3* Preparation of Calibration Curves
Aqueous stock solutions 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 prepared by dilution of known volumes of these stock 
solutions. The acids used to prepare the stock solutions were
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Kastman Whit© Label chemicals which were recrystallised from absolute 
methyl alcohol#

An acetic acid‘•sodium acetate buffer solution was prepared 
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* 1**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 solution and for salicylic acid and m-hydroxybenzoic 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 intensity versus concentration. Actually two 
calibration curves were prepared for each acid, one corresponding to 
fluorescence intensity measurements at iilO mu and the other to measure­
ments at 1*30 m « Therefore, when unknown solutions are run, the two 
measurements at 1*10 mu and at 1*30 mu yield two values of the concen­
tration* The concentration reported is, consequently, the average of
these two values.

Instrument calibration, for the quantitative work with the hydroay- 
benaoic acids, was effected by using a standard salicylic 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. T̂ iis standard solution nas assigned a reading of 11**0 at 1*10 mu 
unda? 311* ran excitation* All 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 to obtain maximum reproducibility of measurements*

The calibration curves for salicylic acid, shown in Graph 16, 
were obtained in the following manner* Two groups of standard solutions, 
containing 0 to 12 p*p#m. of salicylic acid, were prepared* One group 
of standards was adjusted to a pH of 5.5 by dilution of the aliquots, 
from the salicylic acid 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 
subsequent 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 end the pH • 12*0 standards 
were used in the preparation of the salicylic acid calibration curves.
The result® employed in the preparation of the salicylic acid calibration 
curves are tabulated in Table IT*

The m-hydroxybenzoic acid calibration curves were prepared in a 
manner similar to that described above except that both groups of 
standards were adjusted to a pH of 12.0 with sodium hydroxide.
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TABLE 17
CALIBRATION CURVE DATA FOR SALICXLIC ACID

Concentration 
Salicylic Acid 

in n*p*m*

3X4
Xt 410

3X4
x430

P»*5.£ plfr*12.0 Aye. pH-5.5 p$* 1?.0 At*.
1-5 3.5 3.7 3.6 2*9 3.0 3.03.0 7.0 7.1* 7.2 5.9 6.3 6.16*0 13.5 ■H*.3 13.9 11*6 12.0 11.6
9*0 20.6 21.2 20.9 17.6 17.9 17.812.0 26.3 28.0 27.1 22*7 23.3 23.0

The results employed in the preparation of the m~hydroxybenzo±c acid 
calibration curves, Graph 17, are shown below in Table 7,

TABLE V
CALIBRATION CURVE DATA FOR m-HIDROXXBENZOIC ACID

Concentration 
m-Hydroxyban*oio 
Acid in p.p.ra._

3X4
Xtr4X0

3X4I-x430
Oroup 1 Brciup 2 . Ava. Brbup I "Group 2 Ave.

1.5 7.1 6.9 7.0 6.9 6.1* 6.7
3.0 ll*.0 13.7 13.9 13.1 12.9 13.0
6.0 26.0 26.8 26.1* 2l*.6 25.3 26.0
9.0 39.2 38.1* 38.8 37.2 36.2 36.7
12.0 51.3 51.1 51.2 1*8.3 1*8.3 1*8.3

b« Results of fixture 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
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addition of 2*0 ml. of 2 molar sodium hydroxide• Therefore, there 
are two solutions corresponding to each test mixture, one haring a pH 
of 5*5 end one haring a pH of 12.0. Then from fluorescence intensity 
measurements on the pH * 5*5 eolations and the calibration curves of 
Graph 16, the concentration of ©^hydroxybenzoic 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 
fluorescence Intensities at hlO and h30 mu. Therefore, if the readings 
obtained 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 1? can be used to obtain the concen­
tration of the m-hydroxybenzoic acid present in the mixture.

The five test solutions, when analyzed by the outlined procedure, 
yielded the results shown in Table VI.

The results obtained indicate that, in mixtures of ortho and meta 
hydroxybenzoic acids, both components can be determined with an expected 
error of less than S%* Since the upper limit of the range of the 
method, for either acid alone, is 12 p.p.m*, the test solutions were 
prepared so that the sum of the ortho and meta acid concentrations
did not exceed 12.0 p.p.m.

It was predicted, at a prior point in the discussion, that the 
para isomer would not interfere in the determination of the ortho and 
meta isomers. This prediction was tested, experimentally, by pre­
paring test mixtures containing all three isomers in varying
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coneentrationa 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 solutions containing all 
three isomers, are shorn below in Table VII.

TABLE VII
AN ALTS IS RESULTS ON MIXTURES OF o~ AND m-HHEQXXBENZOIC ACIDS 

IN THE PRESENCE OF THE PARA ISOMER

Mix­
ture

Ortho Isomer Meta Isomer Para Isomer
Taken Found Percent

Error
Taken Found n Percent 

Error
Concentration

Present
1 iuSQppm U,51*ppm ♦0.9 U.50ppm U.kZppm -1.8 l5.0ppm
2 1*50 1*49 -0.7 3.00 2.99 -0.3 1**50
3 3*00 2.90 -3*3 1*50 1,1*5 -3.3 6,00
k 3*00 2.96 -1.3 3.00 2*99 -0.3 1,50
5 U*50 k.5x ♦0.2 6,00 5*72 -b.7 3,00

The results shown above are the average concentrations found from 
fluorescence intensity measurements at 1*10 and U30 mu.

The results indicate that the presence of p-hydroxybensoic acid, 
in concentrations up to 15.0 p.p.m,, have no noticeable effect on the 
accuracy of the method.

0. The Amlnobenaoic Acids

1. Introduction
The arainobenzoic acids are a group of compounds which one would 

expect to be quite similar in behavior to the hydroxybenzoic acids. 
With the aminobenzoic acids, there are, as with the hydroxybenzoic
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acids, several species possible in solution*

vN 000H ^
*

ĵ n COOH - i f
^ N H fi

X I I i n IV

The form, or forms, which will be present in solution are, of course, 
dependent upon the pH of the solutions* Qualitatively, it was found 
that 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 
show the fluorescence spectra of the three Isomers in a solution having 
a pH of 9*0* The ortho and meta isomers show fluorescence spectra 
which are activated by absorption of 31U mu radiation and have their 
emission maxima at itOG and 1|10 urn respectively* The fluorescence 
characteristics 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 mu radiation and exhibits maximum fluorescence 
intensity at 3h5 mu*

The fluorescence characteristics of the three acids were studied 
under variable pH conditions to discover what the optimum 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 Isomer and the 
excitation was effected by 311* mu radiation in the case of the ortho 
and meta isomers, and 265 rau radiation in the case of the para isomer* 
The curves shown in Graphs 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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ragionii the solutions became non-fluorescent. At first observation it 
ismld seem then, that one of the following situations obtains

COOH COOH COO—n NH*

non-fluorescent
COOH

3

fluorescent
COO-

non-fluor esc ent
COO-

NHg

non-fluoresc ent fluorescent non-fluore scent

Both of these situations are, however, ruled out by the experimental 
facts* The first situation is realised to be nontenable when it is 
observed that the pH values at half ̂intensity for the rising legs of 
the curves, correspond exactly to the recorded (6) pKa values of the 
adds* Thus, the first process taking place, and that which leads 
to the fluorescent species, must be the neutralisation 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 neutralized by a pH Of 8*5* The formal titration procedure was 
carried out as follows* Known weights 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 t

COOH
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These solutions were titrated with standard sodium hydroxide solution 
and the neutralisation 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 iiQ ml* of 20% formaldehyde solution, which had been adjusted to 
a pH of 8*5, was added, end the titration continued* The results of 
these titrations showed that no farther hydrogen ion was released by 
the addition of formaldehyde*

COO** coo"

The stoichiometry of the titration also showed that, at a pH of 
8*5, all of the acid in the system had been neutralised* That is, 
1*73 millimoles of base were required to reach a pH of 8*5* The con­
clusion drawn from these results is, therefore, that the species 
present, under the pH conditions in the plateau region, is*

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*

N*CHa + H + Hg0

COO

COOH COO' GOO

non-fluorescent fluorescent non-fluorescent
I II in
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This type of process seems highly improbable and by meayia of absorp­
tion spectra, has been shown to be not representative of the actual 
situation* Species II and III 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 identical* Consequently, the same species must be present in solu­
tion in the pH range of the plateau region and also beyond it, in more 
alkaline solution, where the fluorescence 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 associated with trace quantities of an 
impurity* The possibility of quenching by trace quantities of a 
foreign material is also quit® 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 acid destroyed the quenching species* 
Carbonate ion is definitely an impurity in the sodium hydroxide solution 
and would be destroyed by the addition of acid. However, when carbonate 
ion is added to fluorescent solutions of the amino acids, it is found 
to have no quenching effect. It seems then, that all ordinary explana­
tions of the loss of fluorescence in highly alkaline solution have 
been investigated and found lacking. Forster (7) has, however, noted
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thi.8 complication before with the hydroxy- and aminopyrene sulfonates 
and has pat forth what seen® 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 dissociation 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 
i&en It Is In the excited state. With the amino acids it has been 
shown, by means of absorption spectra, that the dissociation

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

That is, it is possible for the excited state, which has a different 
electrolytic dissociation constant from that of the normal state, to

fluorescence by returning to the normal state by path B. No absolute

COO COO

COO COO Path A COO
HH* NH* ♦h.V-

fluorescence
Path B OH

COO coo coo

+0H

dissociate within the life-period of 10-8 seconds and thus kill the
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evidence can be put forth in support of the above hypothesis, but it 
is the only explanation which is consistent with all of the observed 
experimental facts.

Aside from the interesting behavior of the am in o  acids at higher 
pH* s, the important information to be obtained from the pH curves is 
that the three isomers 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 para isomer, under 265 mu 
excitation, occurs at 3k$ mu and hence is free from interference by 
the fluorescence spectra of the ortho and meta isomers. Therefore, an 
independent fluorescence intensity measurement, indicative of the para 
Isomer concentration can easily be made. The fluorescence spectra of 
the ortho and meta isomers are, however, almost identical and are 
activated under the same conditions. Consequently, one must rely upon 
obtaining additivity of fluorescence intensities for the resolution of 
this pair. Activation of the ortho-meta pair can be effected by both 
303 mu and 31U mu radiation. Therefore, the two measurements necessary 
for the calculation 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 hence, 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 contained 1*5 milligrams of amino acid per milliliter of solution* 
A H  subsequent solutions prepared and used in the remainder of this 
work were prepared by dilution of aliquots of these solutions with 
borate buffer.

The borate buffer solution was prepared by dissolving 0*86 gnu 
sodium hydroxide and 3.1 gnu of boric acid in on© Hter 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 turn amber. This coloration is probably 
due to air oxidation of the amino group and indicates slow deterioration 
of the solutions* Although the solutions 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 
solutions were prepared whenever coloration was noted.

Because of the apparent instability of the amino acid solutions, 
it was decided to use a secondary standard for instrument calibration.
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The order of magnitude of the fluorescence Intensity observed for the 
aminobensoic aoids was approximately the same as that observed for the 
hydroxybensoie acids. Consequently, a salicylic acid solution con­
taining 6,0 p,p*m, of the acid in pH * 5*5 acetate buffer solution, was 
again used as the standard for instrument calibration. The standard 
solution, activated with 311* rou radiation, was assigned a reading of 
li*.0 at 1*10 mu. All subsequent measurements are, therefore, relative 
to instrument calibration with this standard solution. As before, the 
standard solution was prepared fresh each day to insure against 
possible deterioration and to obtain maximum 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 all three acids, Calibration curves covering this concen­
tration range were prepared for the three isomeric acids in the following 
manner,

(a,) o-Amlnobenzoie acid? The fluorescence intensity, as a
function of concentration, was measured at 1*00 and 1*10 mu 
under excitation by both 303 mu and 311* mu radiation.
Readings were taken at 1*00 and 1*10 mu so that a double check 
could be made on the concentration of isomer present*

(b.) m-Aminobenzoic aeidt The procedure here is identical to that 
listed above for o-aminobenzoic acid.

(c*) p-Aminobenzoic acidi The fluorescence was activated by 
absorption of 265 mu radiation and the fluorescence
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intensity was determined as a runetion of concentration at 
3J4O urn.# the fluorescence intensity was measured at 3U0 ran, 
rather than at the 3U5 mu peak, as a precautionary measure 
against interference by the ortho and meta isomers# Their 
fluorescence spectra begin at 350 mu and Should not interfere 
tilth the 3U5 ran para isomers emission. However, to insure 
against interference, the fluorescence intensity readings 
were taken at 3h0 mu.

Graphs 2U, 25, 26, 2? and 26 show the calibration curves obtained in 
this manner#

Inspection of the o-aminobenzoic acid calibration curves, show that 
the fluorescence intensities as functions of concentration can be 
expressed by a slope-intereept linear equation* Thus, for 311; rau 
excitation of o-aminobenzoic acid solutions, the following expressions 
are true.

(a.) For I4OO mu emission
314I. » 9,2 Go ♦ 0.5

io400

(b.) For hlO mu emission
l f X* - 8.6 Co * 0.5
ro410

where 1£ * fluorescence intensity
Co «* concentration of o-aminobenzoic acid in p.p.m# 

Similarly, for 303 mu excitation of o-aminobenzoic acid, the following 
expressions are true#
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(c,) ^«400 * 5.5 CO 4 0.5
a oil

(d.) I- m 5*0 Co 4 0*5
IP410

The calibration curves of m-aminobonzoic acid can be expressed In 
exactly the same manner.

314I- » h+3 Cm ♦ 0,5

(£*) ^ 314 I - * U .6 0m 4 0*5

U O
303 3,8 Om 4 0,5

Ou) sea
£%1© iul (ha 4 0.5

"Khen both the ortho and meta isomers are present in a solution* 
the fluorescence intensity measurements at hOO mu or at i*10 mu, under 
31h or 303 mu irradiation, should be the sum of the individual intensi­
ties. this can be illustrated with the readings taken at h0O usa*

314 314 314(i.) 4 1 ^  * 9*2 Co 4 U.3 Cm + 1.0®4C© xm^oo
# . 303 303 303 _
U * ) 4 $ £  Co 4 3*8 Cm 4 1.0»4©0 £©400 £"0400

therefore, if the predicted additivity is a reality, simultaneous solu­
tion of equations (i.) and (j.) will yield values of the concentrations 
of the ortho and meta Isomers present. The identical procedure can be 
carried out for the fluorescence measurements at ItlO mu and another pair 
of values for the concentrations of the ortho and meta isomers can be 
obtained, The average values of the concentrations obtained from the 
hOO mu measurements, and those obtained from the UlO mu measurements,
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should then be representative of the true situation if additivity of 
fluorescence intensities is obtained.

The calibration curve for the para isomer is used directly, since 
the reading at 3U0 mu, under 265 mu excitation, is independent of any 
interference by the ortho or meta isomers*

Similarly, if either the ortho or meta isomer is present alone or 
in a mixture with the para isomer their concentrations are determined 
directly from the calibration curves* It is only when the ortho and 
meta isomers are present at the same time that one must resort to calcu­
lation from simultaneous 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-

3X4 3X4 303 303tration* These arej , I« , I,' and I« , where the super-
*40© *4X0 *400 *410

script refers to the wavelength employed for excitation and the subscript 
refers to the wavelength at which the fluorescence intensity 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
Test 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 acids and diluting them to 
100 ml* with borate buffer solution. Therefore, the final test solu­
tions, upon which measurements were taken, were all at a pH of 9*0.
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Xh© raeasurement procedure on "the "test- solutions was conducted as 
follows:

(1.) The test solution is activated with 265 mu radiation and a 
fluorescence intensity measurement is made at 3U0 mu* This 
reading will yield the concentration of the para isomer 
directly from Graph 28, the para isomer calibration curve. 

(2.) The wavelength of the activating radiation is changed to 
303 mu and fluorescence intensity measurements are made at 
UlO and U30 mu. This procedure is then repeated with 3XU 
mu activation# The four readings, obtained in this manner, 
give 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 yield two sets of 
simultaneous equations from which the concentrations of the 
ortho and meta isomers can be calculated. The concentrations 
reported then, are the average concentrations found from the 
four measurements if either of the isomers is present alone| 
or if both are present, the concentrations reported are the 
averages of those obtained from the solution of the two sets 
of simultaneous equations#

The result® obtained on the four possible types of mixtures are
shown in Table VIH*

It was mentioned previously that the concentration of the ortho 
and meta isomers reported, when they are not simultaneously present, 
are the average concentrations obtained from the four readingsj
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303 303 3 5 , 4  3 ^ 4

*4oo * *410 * XUoo “ ** Xf410 * 1x1 order thmt 11110 ®r©rage concen­
trations, of the ortho isomer In mixtures 1, 2 and 3, and the meta isomer
in mixtures U, 5 and 6 be more meaningful, Table IX has been constructed
to show the concentrations found from the four readings «nn averaged to
give the values reported in Table Till*

TABLE IX
RESULTS OBTAINED FROM INDIVIDUAL READINGS ON THE 

ORTHO AND META ISOMERS

Concentration (p.p.m.) Ortho Isomer Found
Mixture ' A 03...

x400

303 , 

*410

.....3*4...
Xf*40©

" m,,n Si*' “ 1 *" ” 
Xf410

1 0.7 9 0.77 0.79 0.77
2 k*b$ k*ko l*.i*3 luUU
3 l.hh 1.1*8 1.1*7 1.1*9

Concentration (p.p.m.) Meta Isomer Found
Mixture ^ ’ '3 65 r ,J"

*400

..... 303

410

3*4

Xf*400

* 314 
Xf410

h h.53 1*.50 h.52 h.53
s 3*00 2.95 2.96 2.97
6 0,78 0,76 0.73 0.77

The values recorded above indicate 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 VIII, it is seen, that in ja.1.1. cases the 
concentration of the para isomer is easily and accurately determined 
by the measurement at 3U0 irm. Similarly, if either the ortho or meta 
isomer is present alone with the para isomer, no difficulty is encountered 
in obtaining accurate measurements of their concentrations* However, 
when the ortho and meta isomers are present together and one must rely 
upon the solution of simultaneous equations to determine their concen­
trations, the results are not nearly as good* The error, percentage­
wise, is considerably higher than that observed in mixtures where it 
is not necessary to rely upon additivity of fluorescence intensities*
The percent error, as would be expected, 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 as an approxi­
mation rather than a determination. The approximation should be valid, 
even in the extreme cases to approximately - 0.5 p.p.m.

If a large number of approximations of the ortho and meta isomers 
concentrations were to be carried out, one could avoid the tedious 
process of arithmetic calculation of their concentrations by the 
preparation of a calibration grid similar to that described in a previous 
section of this work. This could be accomplished by plotting values of 
T314 versus values of If03 for a series of mixtures containing known
f400 f400
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 like manner for the fluorescent
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omission at UlO ma. The two calibration grids would replace the two 
sets of simultaneous equations and make it possible to obtain the 
concentrations of the ortho and meta isomers, from the 1*00 and 1*10 mu 
readings, without calculation*
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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 chemically quite similar. These studies hare shown that differences 
in the fluorescence characteristics of these compounds do exist and 
that they can be ©n^loyed to analyze mixtures of these compounds.

The spectrofluorometric approach has been applied to the following 
mixtures of organic compounds and has proved to be a rapid and aocurat® 
analytical method*

1*) hydrocarbon mixtures consisting of anthracene, phenanthrene 
and fluorene, in all possible mixture combinations have been 
determined. A H  three components can be determined individually 
with an average error of less than The concentration 
range, over which the method is applicable, is 0 to 5 p,p*m.
(0 to 5 micro grams per milliliter). However, higher concen­
trations can be handled by diluting until the concentrations 
fall within this range,

2,) Isomeric mixtures of the hydroxybenzoic acids have been
studied and it has been found that mixtures of the ortho and 
meta isomers can be quantitatively determined. Furthermore, 
the para isomer 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 to 12 p.p.m, and yields results, for both isomers, which 
are subject to an average error of less than 

3*) Mixtures of the isomeric arainobenzoic acids have also been 
studied and analytical methods have been developed for the 
determination of the following mixture components:

(a.) Both the ortho and para isomers in the presence of 
one another.

(b„) Both the rneta and para isomers in the presence of 
one another.

(c .) The concentration of the para isomer in the presence 
of both the ortho and meta isomers.

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 approximation of the con­
centrations of the ortho and meta isomers in mixtures. The method is 
applicable over the concentration range 0 to 6 p.p.m. but yields results 
idiich are accurate to only * 0*5
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