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ABSTRACT

A method for determination of molecular quantum
yields of fluorescent compounds ir solution by inter-
nal calibration with the signal of spontansous Haman
scattering of the solvent is proposed. An experimental
verification of the method is carried out for substan-
ces with known quantum yields and satisfactory agree-
ment between experimental results and literature va-

lues is obtained,
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INTRODUCTION

The problem of acurate and convenient measurement
of fluorescence quentum yields has been discussed on
many occasions in the scientific literature. Its impor-
tance is determined by the wide theoretical and practi-
cal interest in finding the values of fluorescence gquan~
tum yields of different substances.

The existing modern methods for measurement of
fluorescence quantum yields have been reviewed by seve-

ral authors’ ~ %

« In their majority they concern
measurement of quantum yields in single~component solu-
tions, rather than in solid materials,

Nowadays relative methods of quantum yield measure-
ments of substances in solution prevail over absolute
ones. Using them the yield of the wknown is compared
with the quantum yield of a standard material. There are
a number of difficulties, however, which must be over-
come in order to obtain the molecular fluorescence quun-
tun yield (the quantum yield of a fluworescent molecule
in a very dilute solution - € < 10°° M 4y, They include
corrections for concentration quenching, for self-ab-
sorption and secondary fluorescence - in optically dense
measurements, together with refractive index corrections,
if the standard and the unknown are compared in different

4

solvents . Strict preservation of experimental geometry

and high optical identity between the cuvettes for the
etandard and the unknown are essential even when opti-~

cally dilute solutlons are used,
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The aim of this letter is to report a new method for

determination of fluoreacence quantum yields5'6

, which is
free of the inconveniencies mentioned above, It is based
on the use of the spontansous Raman scattering signal of
the solvent as an internal standard, An experimental ve-
rification is cerried out and the accuracy of the method

is discussed.

THEORETICAL CONSIDERATIONS

Application of lasers as excitation sources in lumi~-
nescence analysis hes led to a considerable increase in
gensitivity of detection of trace flwrescent substances
in solution. Refering to quantum yield measurements this
meana a complete elimination of concentration effects as
concentrations of -~ 10"10 M are readily detectable. The
influence of experimental geometry on the accuracy of the
analysis, however, still presents an obstacle for the true
registration of emission spectra of the fluorescent stane
dard and that of the substance with unknown quantum yield.

A solution of this problem has been proposed7’8 for
the case 0f quantitative analysis of fluorescent admix-
tures in water. It consiats in calibration of the laser
fluorometer by the spontaneous Raman scattering signel of
the solvent (water). The following formula hae been derived
for optically thin solutions (Ogni<« 1, 0y absorption
crogs section (cmz), N edmixture concentration (cm'3),

| opticel path of the laser beam in the solution)?:
_ lnrnsc‘,.S

n-—-——o,Clq P, (1)
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where Ng f227°) is the concentraticn cf tne sclvent
{water), O}S(cmzsr_1ﬁ total differential Raman scattering
~rozs section of a suitable line of the sclvent, 0 fluo-
rescence quantum yield. @ = N;llNrs is the ratioc of the
number of detected fluorescent photons cf the admixture
to the rumber of detested Raman photons of the solvent.
Zquation {1) can be used for determination of Q if
2 golution with known oconcentration of flucrescent mole-

cules is prepared:

ns 10-77'0’[-5
9I=7 —o P )

In this way by simuvltaneous registration of the Raman
line of tne sclvent and the fluorescence band of the so-
lution q% can be found and  can bz calculated from (2)
if all other constants are known.

Zven when fluworescence is excited by low power
pulsed lasers, fluoreacence saturation effects may in-
troduce a nonlinear dependence of the number of emitted
fluorescent photons on the photon flux density of the

exciting lasger radiation’C, Flucrescence nonlinearity

is expreaszed by the fluoreacence saturation factor M.
r‘—'N;l/ Ng¢, » where Ng( i3 the number of destected fluo-
rescent photons, N:l is the number of fluorescent pho-
tons whica would have been detected at the same inten-
sity of excitation, but in the abscence of saturation.
In order to datermine q% in suech situations we have to
deterzine [ first as [=¢ /¢ , where P = Ne/ Nog -

¥hen [ linearly depends sn the photon flux density F
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of the exciting laser radietion {I=1 +pF ), <P° can
be found by the method of internal gtandard too':
. ¢ (1-N.g/Npg)
U 1" " !
°© @/ P -Npg/Npg
where ¢ , N;s and qi’, Nrs correspond to excitation at

(3)

F' and F" , respectively.

EXPERIMENTAL

Fluorescence and Raman spectra of the following so-
lutions have been investigated: rhodamine 6G (R6G) in
water, fluorescein in 0,1 N NaOH, 4-methylumbelliferone
(4=MU) in 0,01 M NaOH and quinine sulfate in 1 N H,50,.
Rhodamine 6G and 4-methylumbelliferone were laser grade
purity, produced by Eastman Kodak Co,, fluorescein and
quinine sulfate were analytical grade purity.

The experimental setup used in the registration of
spectra of R6G solution was the same as that shown in
reference 11, Excitation of the solution was accomp=
lished by the second harmonic of an YAG:Nd laser (A=
532 1m, Ty =12 B8, P = 1 MW) and the spectra were de-
tected by the help of an optical multichannel analyser:
OMA~I (EG&G Princeton Applied Research). An example of
the spectra obtained in conditions of fluworescence sa=
turation is shown in Fig.1,a .

All necessary corrections of the spectra and cal-
culations of the areas under the contours of the two
bands were accomplished by the help of a microcomputer

TRS~80 (Radio Shack). For this purpose data about the
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Fig.1. Fluorescence and Raman scattering spectra of:
a; rhodamine 6G in water, excitation at 532 nm ;
t) quinine sulfate in 1 N stou, excitation at %37 nm,

F BS BSLP

[y Laser —y——y+2—0

=) a%?imns_*l

@{D——

——POP8 MINICOMPUTER |—

DISPLA [TELETYPE | [xY PLOTTER]

Fig.2, Scheme of the automated laser fluworometer. BS =
beam splitter, L - lens, P - polarizer, C - cuvette,
SM - stepping motor.
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irterpities ir five characteristic pcints ¢f the spec-—
trur (Fig.1,a) were introduced in its memory. This in-
formetion was read from the digital display of the cone
tents of OMA-I memory. & specially developed programm
allowed us to de the fcllowing: (a) correction of the
spectrs for the spectral transmittance of the receiving
svsten; {b) calculatior of peak intensities of fluores—
cence anrd Raman bands, teking into account baseline
correctione; {c¢} calculation of Nfl and NPS by the help
of effective halfwidthe of the corresponding bands; (d)
calculation of saturation factors, 4% and determina=-
tion of fluerescence gquantum yield by formula {2).
Spectra of fluorescein, 4-methylumbelliferone and
suinine sulfate solutions were registrated by the help
of a fully sutomated laser fluorometer developed in our
laboratory - ¥ig.2 . The excitation source is a low
pressure TE nitrogen laser (A = 337 nm, Tb = 6 ns, P=
200 kW)« The scanning monochromator is a single grating
one, of the Cherny~-Turner type, model MDR-Z2, A minicom—
puter PDP-8 controlls the operation of the gystem and ia
used for procesgsing of the gpectra. There are iwo regis-
tration channels. In the gignal channel the spectral in-
formation d=tected by a PMT, type FEU-51 is transformed
in digital form by ADC2 and is stored in the computer's
memory. The reference channel consists of a photodiode
PD1 and an analogue-to-digital convertor ADC1. It serves
to monitor the output power of the laser. A strobe gene-

rator, initialized by the laser pulse through a photo-

361
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dicde PD2, "opena® ADC1 and ADC2 for 3 perind of 1)15.

In this way high signal-to~nouise ratios are achieved.
before each run the vperator selects by means of

the teletype the number of repetitive scans, the step-

size of gcanning, the total nwrber of points in the spec-

trum, etc, All necessary corrections and processing of the

spzetrz, as well as their viszualization or plutting are

azgomplished by the nelp of a specialized programn.

The spectra of the three water solutions were ob-
tuined on our automated fliworometer in the casze of weak
excitation, when forwzula (2) can be directly applied.

This was achieved by introducing neutral density filters
F in the path of the laser beam, An example of the apec~

tra iz shown in Pig.1,b for quinine sulfate in 4 N 32304'

REZSULTS AND DISCUSSION

The regults of cur investigation are summarized in
Teble 4. The velues c¢f the total differentisl Raman
scattering cross section of the 3440 em” | line of water,

—29
used ir cslculations of are: 0}5(557 )= 4,5,10 23

enésr™ ! and 0}5(532 nm) = 0,53.10_29cm25r-1. They have
beern calculated or the base of the value of Opg(488 nm),
reported in referernce 12, ‘bsorption cross sections of
the investigated ccmpounds were measured on a gpectro-
photometer Specord UV~VIS (Zeiss - Jerna).

Comparison between the values cf § obtained by the
method of internal calibration with the Raman line of

water and those cited by other researchers shows gocd

agreement. The total relative error of the method proposed
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TALIZ 1
Name of T r ey g
cempound Sclvent Concentration q qraf.
-10
R6G water 1,0.10" Wy 0,86 | 2,827
s AT3 ~ o~ Ty ~ ~8 - N - g 14
4Kl 0,01 M KRalH 1,6.10 7N U,6z 64
Fluvo- _a o 88’5
rescein | 0,1 I NaOH 1,290 7K G941 ;5’902
0,90
Quinine 4K 550 . 5 10"8V _y 0,5476
sulfate ¥y € e * Y2 o 5517
y

nere can be estimated to about *+41C % . Thiz iz not so

bad remembering that the accuracy in determinztion of
flucrescence quantur yields by other methods is seldenm
better than * 5%2 « The errcr in owr method rmay be att-
rivvted mainly to the uncertainty in measurement of Ha-
marn scattering croegs section values, which ig* &% in
the cage of the 3440 cz | line of water'2. This error
can explain the diffsrences between the values ¢f q ob-
tained by us and those cited from the literature,

The method for determination of fluorescence quan-
tum yield discussed here has several advantages cver
conventional methods. As the standard and the substance
with unkunown quantum yleld are in orne and the same cu~
vette there is no need to controll experimental geometry
or to meke refraction index corrections. The main advan-
tage of the method, however, is the corplete elimination
of the influence of concentration effects since spectra

are registrated at extremely low concentrations of {luu-
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rescent molecules (1078 - 1070 n),

Fluorescence quantum yields can be measured using
internal calibration by suitable Raman lines of other
solvents, whose Raman scattering cross sections have

been determined with good precizion - benzene18

19

s, cyclo-
hexane etec. It is preferable to employ tunabdle lasers
for excitation of the solutions as in this case the line
of Raman scattering of the solvent can be shifted in

relation to fluworescence band and thus optimal conditions

of excitation and measurement of ¢% can be reached.
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