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studies in the biological area, which deals primarily with aqueous 
solutions. 

In this communir:~tion, literature values of the lifetime of quinine in 
0.1 N sulfuric acid are reviewed ant1 fount1 to be in good agreement,. 
Further, we demonstrate an unusual quenching of quinine by chloride 
ion which proceeds at diffusion-controlled rats and gives a Stern-T’olmer 
plot which is linear to very high degrees of quenching. On the basis of 
these findings, it is proposed that quinine-NaCl solutions can be made 
up to yield any desired lifetime ( k 3% 1 from 0.189 to 18.9 nsec. Himi- 
larly, y-l’vrcncbutprate-KI solutions having lifetimes up to 115 (5 376 I 
nscc are also good standards. Finally, the nectl for such standards in 
making ‘iabs01ute” measur~monts of lifct’imc is &rcsscd, along with 
other 1)ossiblc applications. 

MATEKIAJ,S AND METHODS 

Crystalline quinine bisulfate (Eastman, Sigma, or Alcrck) was used in 
these studies. No diflerencc in results could be found w-it’ll the different 
samples or with samples recrystallized from water. These findings are 
in harmony with the experience of Fletcher (2). Eastman y-pyrenebutyric 
acid was recrystallized from ethanol-water mixtures. Additional supl’ort 
for the purity of the compounds was the finding that their emission slxctra 
were independent of the exciting wavelength over a range from 250 nm 
to the excitation maxima. 

Lifetimes were measured on a TRW Instruments (El Segundo, CX) 
decay time npparat’us (31. A IV? spark lamp and Corning CS 7-54 and 
3-74 primary and secondary filkrs were wed. Some values and decays 
were also ex~rninctl with an ORTEC 92010 nanosecond single-photon sllec- 
tromet’er. 

gtatic fluorescence inteiwity measurements were obtained with an 
Aminco-Ro~~mnn sl~ectrophotofluorometer. All measurements were made 
at 23” , and the solutions were not deavrat,ed. The data for the Stern- 
T’olmer plots were olkained with l-cm path length cells and carefully 
corrected for solvent blank, nhicli was quite significant for quinine solu- 
tions qucnchccl I)? more than 98%). Excitation and cm&ion bantl~vidt.hr: 
were 24 nm. 

RESULTS 

Table 1 summarizes literature values for the Auoresccucc lifetime of 
quinine in 0.1 ru‘ H,SO,. Most, of the values wre originally reported for 
1.0 N H,SO, solutions, hut these hare been corrected by multiplying 1~) 
0.94 to give the lifetime in the more dilute acid. The rnt,ionale for this 
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Lifet,ime” 7 (nsec) 
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1s. ‘74h 
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a lllean = lS.91 nsec. Standard deviat,ion = 0.56 nsec. 
* Ohtaiued by multiplying by 0.94 t,he value reported fol, cluinilw irl 1 N Tl$%),. 
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1’~. 1. Sterll-Volmcr clucnching plots for c;uiniw (A) and y-pyrenehutyratc (B,). 
lj’,, and F arc> tllc fluorcswnca intensities in thr nhsl.ncc, antI presrncc of quencher, 
I,chpectively. Excitation and rmission wvrlcngths w’w 350 and 450 nm for :2 and 
3% and 380 nm for 1%. S(V Tsb!ee 2 and 3 for holution makeup. 
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correction ia that it is known that the c~uantum yicxlcl 14-7 I a.5 well .w 
the fluorwccnce lifetime (7 I 1 s $qlifi~:mtly (Icpentlvnt on the sulfuric 
acid strength, being 656 higher in I .O A- rather than 0.1 N H,SO,. The mean 
of the v:~lues in Table 1 is 18.91 nsc(~ with :L atantiar~l clc~ iation of 0.56, 
or 370, and :L ~ttlndnrtl error of 0.21. Ek~~auw of this r:ltl!cLr goocl agree- 
ment, the lifet,ime of quinine may he considcrcvl to lw ~~cll-c.~t:ll)lishetl. 
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Conlpositiun of Quinine Solutions for Lifetime Sl,andards” 

Lifetime (nsec) 

lX.9b 0 on s !I0 

15.5 0. OlY XX) 

1s. 0 0.03 1 s.s7 
17.5 0, 049 h I x:, ,r 

17.0 o.nt%s s s:i 
16.5 0 090 X.Sl 

16.0 0.112 8.79 

15.5 0. 1:36 X.76 

15.0 0.161 s.74 

14.5 0 1ss 5.71 
14.0 0.217 S.6S 

1:1.5 0.24X S.65 

1:<. 0 (l.Wl 8 62 
12.5 0 31s s :is 

12.0 0. 3.57 5.5-l 

11.5 0. :%JO s.50 

11 0 0.445 8.46 

10.5 0.406 s .4n 

IO.0 n ,552 s :3,-l 
0 50 0 614 !).29 
II 00 0 653 s 22 
s 50 0.7.59 S.ll 
s 00 0 s4.5 s 06 
7.50 0.944 7.06 
7.00 1 .O3 7.s 
6.50 1 .lS 7 72 
6. 00 1 xi 7.5T 
5.50 1.51 7. :w 
5.00 I $3 7.17 
4.50 1 .O!I 6.01 
4.00 “.::I 6.59 
:% 50 2.i:; 6 17 
:<, 00 3 L’CI 6.61 
2 .XJ 4.07 4.83 
2 on 5 “i I, 3.65 
I .50 7. ‘20 I .70 
1 00 1 11’ 7.7:) 
0.50 ‘) A ‘X)< I. 6.61 
0. 189 6 I ,5” I.i:i 

(L Stock solutiotls: qllinilie bisnlfate (6), 0.0X g dissulved in 1l)Cl ml H20: N:lC:l, 0.1 

and 1.0 M solrltiolls; I.0 N H,SOa. Each tube cwlrt:tin* I .O ml 1 r,t H,Sc),, 0.10 ml yllinine, 
1: ml of 0.1 M N:rC!l, and y (= S.90 --s) ml I120. 

* Mean of values listed ilr Table 1. All uthrr lifetimes we those c:tlclllated 10 be given 
by the amollnt of NnCl present. See text for details. 

c Use 1.0 M N&X 
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been reportctl which has maint,:ained Stern-Volmcr linclarity to such a 
high degree of quenching. 

Decay time measurements with either a TRW Instruments decay time 
apparatus or an ORTEC 9200 nanosecond spectrometer showed direct 
proportionality of lifetime and quantum yield. Figure 2 is direct evidence 
showing the increased rate of &activation in the presence of NaCI. The 
Stern-Volmer equation (9) is given by F,,/F = 1 + &IQ], where F,, 
and F are the Auorescenre quantum yields in the ahscncc and presence 
of quencher iQ,, respectively, and I<,, is the Stern-I,‘olmer constant. 
lis,-j in turn, is eqlinl to k,)i~,,, n-here k,, is tdle bimolecular quenching rate 
constant and 7,, is the lifet’ime in the absence of aclded quencher. KS, was 
found to be 161 KI, so k,, = 8.51 X I@ ~‘scr~‘, indicating t,hat thr 
quenching rate is essentially tliffu~ion limitccl. iSincc’ T,,/T = F,,/F, the 
concentration of NaCl required for any tlesirctl lifctimc can be calculated 
from the relation T,, = ~(1 + J&[Q], = ~(1 + IGIINaCl]). The 
composition of a series of cluininc-NaCl solutions corcring a range of 
fluorescence lifetimrss from 18.9 to 0.189’ nscc was calculated on an 
Olivetti programmnble calculator and listed in Table 2. The determination 
of the Stern-Yolmer constant was quite preciscs, tlic stnndar(1 dcriation 
for ais niCal;urrnients king 0.6c/(,. Although sonic of t,lic points shown in 

Fig. lh :ire ,slightly off the linear rcgretision line, these points represent 
F,/F values grentcr t,hau nI)out 30 n-here bla,nk corrections wcro IWCP- 
sary. At loTv(Lr va1~1cs of F,,/F, a11 the points fall on a straight line. 

The solutions arc’ &able for at, Ic>ast 6 months if kept in stoppered 
tubes in the dark. Small stoppercd vials which fit directly into the dcca> 
time fluorometer and never need be opened havp been found quite con- 
venient. Quinine fluorescence in sulfuric acid solutions has a relatively 
small t,cmpcrntjure coefficient 17). The studies reported here were done 
at 23”. 

,4 disadvantage of these standard solutions is the Ion- quantum yield 
of the st,andards having short lifetimes. The quantum yield of quinine 
in the ab,;ence of NaCI in 0.1 N H,SO, is 0.51 (5-7,lO) and would he 
reduced by loo-fold when the lifetime is reduced to 0.189 nsec. However, 
the quantum efficiency is still high enough to render the solutions useful 
with modern instruments. Furthermore, t,o offs& the low yields, higher 
quinine concentrations could be used. 

Because quinine in 0.1 N H,SO, is a suitable standard only to 18.9 
nsec, another substance soluble in water was sought for longer lifetimes. 
y-Pyrenebutyric acid, introduced by IGlopp and Weher (II) for labeling 
of protrins, was tlir most suitable compound found. The substance is 
sparingly soluble in xvatcr. yet, enough material dissolved to give a strong 
fluorescence Fignal. I<1 was found to be a convenient quencher, and the 
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TABLE 3 
Composition of r-Pyrenebutyrate Solutions for Lifetime Standards0 

Lifetime T (nsec) 22 (ml) Y (ml) 

115b 0.000 S.00 

114 0 00:; 3.00 

113 0.006 7.99 
112 0.010 7.99 
111 0 OL.3 7.90 
110 0.017 7.98 
109 0 021 7.98 
108 0 0’4 7.05 
107 0.0% 7.97 
106 0. n:z 7.97 
105 0 036 7.96 
104 0 040 7.06 
103 0.044 7.96 
102 0.04s 7.05 
101 0 0.5’3 < * 7.95 
100 0.057 7.94 
99 0.061 7.94 
9s 0.066 7.93 
97 O.OTL 7.93 
06 0.075 7.03 
95 0, OS0 7.92 
94 O.OS?5 7.02 
!,3 0. 090 7.01 
92 0. 006 7 .!)(I 
91 0.101 7 .wn 
!)I) 0. 106 7 X!) 
89 0.112 7.N 
ss 0.117 7.55 
87 0. 1’3 -I 7.ris 
86 0. t29 7.s7 
x5 0 135 7 s7 
54 0.141 7% 
<s3 0.1-e T.h.5 
S” 0.154 7 s5 
Sl 0.161 7.54 
SO 0.168 7,s:: 
79 0.175 7.83 
7s 0. IS% 7.52 
77 0. 1 so S.Sl 
76 0. 197 7. so 
75 0.205 7.50 
74 0 2 1:; 7.79 
7:1 0. ‘221 7.78 
72 0.229 7.77 
71 0,236 7.76 
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TABLE 3 (Continued) 

Lifetime 7 fnsec) 

70 0.246 7.75 

69 0.256 7.74 
68 0.265 7.74 
67 0.275 7.73 
66 0.28.5 7.72 
65 0.295 7.71 
64 0.306 7.69 
63 0.317 7.65 
62 0.328 7.67 
61 0.340 7.66 

60 0.352 7.65 
59 0.365 7.64 
58 0.377 7.62 
57 0.391 7.61 
56 0.405 7.60 
55 0.419 7.58 
54 0.434 7.57 
53 0.449 7.55 
52 0.465 7.54 

51 0.482 7.52 
50 0,500 7.50 

49 0.517 7.48 
48 0.536 7.46 
47 0.556 7.44 
46 0.576 7.42 

45 0.59s 7.40 
44 0.620 7.38 
43 0.643 7.36 
42 0.668 7.33 
41 0.693 7.31 

40 0.721 7.28 
39 0.749 7.25 

38 0.779 7.22 

37 0.810 7.19 
36 0.543 7.16 
35 0.87s 7.12 
34 0.916 7.08 

33 0 955 7.05 
32 0.997 7.00 
31 1.041 6.96 
30 l.OS9 6.91 

29 1.140 6.56 
28 1.195 6.81 
27 1.253 6.75 
26 1.316 6.68 
25 1.384 6.62 
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TABLE 3 (Continurd) 

Lifet.ime 7 (nsec) 3: (ml) Y (ml) 
-.-~~ 

24 1.458 6.54 
‘23 1.538 6.46 
22 1.625 6.38 
21 1.721 6.28 
20 1.8’26 6.17 
19 1.943 6.06 
18 2.072 5.93 

* Stock solutions: saturated r-pyrenebulyrate (9): shake 10 mg -y-pyrenebutyrir acid 
with 20 ml 0.01 M KOH and filter; 0.1 M Tri+Cl- buffer, pH 8.0; 0.5 x KI solution: 
4.15 g KI and 0.0013 g sodium thiosulfate made up to 50.0 ml. !Sach tube contains 
1.0 ml r-pyrenebutyrat,e solution, 1.0 ml TrisAP buffer, .z ml KI solution, and ~1 ( = S.00 
-s) ml HzO. 

b l\Ieasnred lifetime. All other lifetime values are those calculated to be given by the 
amount of KI present, based on the Hterrl~Volmer relation. 

Stern-Volmer relation was found to be followed up to :I value of F#,/2; 
sornewhnt~ above 6 (Fig. 1B). The lifct’ime of y-pyrcncbutyrate was found 
to be 115 nsec in the absence of quencher, so solutions containing KI 
will serve as standards down to about 18 nsec. 

The quenching curve for y-pyrenebutyrste and KI gives k’sY = 
51.9 wl. With T = 115 nsec, h~,~ is calculated to he 4.51 X 10” hI-‘see’. 
Thcreforct t,he concentration of KI needed to obtain a solution with a 
given lifetime may be calculated from the relation 115 = T (1 + 51.9 
IKI]). Table 3 gives the composit~ion of standard solutions containing 
y-pyrenebutyrate and Ii1 which ham lifetimes covering the range 18 to 
115 nsec. 

Compared with quinine solutions, y-pyrenebutyrate solutions arc less 
camcnicnt, since both I- and the fluoresrent compou~~cl arc rather un- 

stable. Thiosulfate is included t’o retard I:,- format,ion, am1 the solutions 
can be stabilized to some extent by deaeration. However, it is known that 
y-pyrenebut,yrate is easily photolyzecl (12)) and so the standard solu- 
tions should hc made ul) on t,he day of their use. 

Another deficiency of the y-pyrenebut’yrate-KI system is the absence 
of a large number of reported value:: for the lifetime of r-pyrenebutyrate 
in water. Knapp and Webcr (13j attached the y-l)yrencbutyrate chrome- 
phore to ~cru~n albuniin and a macroglobulin and rncasurcd lifetimes 
ranging from 77 t’o 119 nsec for the former and 100 to 137 nsec for the 
latter, delmiding 011 the prel~arntion. Rawitch et al. (14) made conjugates 

of thyroglobulin containing y-pyrerlehut~yrate ; 7 values of two samples 
were 90 and 12.5 nsec. ,Tollas’ (15) prepar:lt,ions of y-pyrenebutyrate con- 
jrlgates of serum high-density lipoprotein had lifetimes of 62-70 nsec. 
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Spencer et al. (12) found the lifetime of fret y-pprenehutyric acid in 
1,2-propanediol to be 195 nsec. The lifetime of this substance, therefore, 
clearly varies widely depending on its milieu. T’aughan and Webcr ( 16 1 
have studied the effect of Oz quenching on the fluorescence lifetime of 
y-pyrenebutyric acid both free in solution and bound to macromolecules. 
Their value of the lifetime of the fret compound in pH 8.0 phosphate 
buffer at 25”, given as a point in their Fig. 5, appears to correspond to 
113 +- 10 nsec at an oxygen tension of 150 m m  Hg. The conclit’ions cor- 
respond closely to those used in thi, q study, and the lifetime obtained 
agrees closely with the value reported here, 115 nsec for an air-saturated 
solution. The value was obtained with the TRW fluorescence decay time 
apparatus; the standard deviation from the mean of replicate measure- 
ments was 3%. Pyrenebutyrate and quinine solutions with calculated 
lifetimes of 18.0 nsec appeared to have identical decay curves when 
examined with the ORTEC spectrometer. 

DISCUBSIOS 

A major thesis of this communication is that the lifetimes of the qui- 
nine solutions described here are known with better accuracy than those 
of any other solutions described in the lit,erature. The validity of this 
statement is not immediately obvious since the lifetimes of hundreds 
of materials have now been reported. However, perusal of t’he extensive 
tables of lifetimes in the review by Birks and Munro (1 1, for example, 
shows no other substance whose 1ifeGme has been mt>asured by so many 
laboratories with such good agreement as in the cast of quinine. This is 
especially true of substances of rather short lifetime, e.g., 2 or 3 nsc’c, 
where plecrision, not to mention accuracy, has rarely been claimed to be 
as good as 3%. In contrast to this situat,ion, there is no reason to be- 
lieve that the calculated lifetime of, say, 0.189 nsec of the appropriate 
quinine-NaCl solution is any less accurate than 3%. 

The need for reliable fluorescence standards to check and calibrate a 
new instrument and to detect any sgst’ematic errors is obvious. How- 
ever, one might’ ask why fluorescence st~andards for lifetime measurements 
are needed, since most lifet#ime methods are ‘Labsolute” in the sense that 
they do not seem to require a reference standard. The answer t,o this 
question requires appreciat(ion of the fact that characterization of life- 
time instruments as “absolute” is somewhat deceptive, in that such 
measurements are not, in fact, “direct.” Each device described for meas- 
uring decay times of fluorescence is dependent on a standard, which 
usually is a standard of zero lifetime such as a scattering or reflecting 
sample. Such a T = 0 standard is used in both phase fluorometers and 
pulsed systems. Possibly one of the major causes of error in lifetime 
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ponent, whose decay time would be varied depending on the amount of 
Cl- added. The decay curves from such model solutions could be com- 
pared with experimental curves to clet,ect multicomponent decays or t,o 
test mathematical procedures for resolution of multiple component 
decays. 
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