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A65tract 

71me-re501ved near-1R em15510n and 0pt0ac0u5t1c ca10r1metry 5tud1e5 were carr1ed 0ut 0n the ar0mat1c ket0ne5 phena1en0ne, 6en2anthr0ne, 
4.pheny16en20phen0ne and the 6en20phen0ne-naphtha1ene (0.1 M) 5y5tem 1n 0rder t0 a55e55 the1r ad0pt10n a5 501vent-1ndependent 5tandard5 
f0r 51n91et m01ecu1ar 0xy9en 02(~A9) ph0t05en51t12at10n. A11 c0mp0und5 5h0w 4uantum y1e1d5 0f02(tA9) pr0duct10n (4~a) 1n the ran9e 0.9- 
1 1n cyc10hexane. 1nerea51n9 501vent p01ar1ty 0r pr0t1c character reduce5 the 4~a va1ue5 f0r a11 5en51t12er5 except phena1en0ne. La5er-1nduced 
0pt0ac0u5t1c ca10r1metry wa5 u5ed t0 06ta1n the a6501ute ~6a va1ue5 f0r the 1atter c0mp0und 6y app1y1n9 60th max1mum amp11tude and 
dec0nv01ut10n meth0d5. 7he f0rmer y1e1d5 h19h1y pree15e re5u1t5 (3%-5% uncerta1nty) and ha5 6een ch05en f0r 5tandard12at10n purp05e5. 
7he dec0nv01ut10n meth0d y1e1d5 60th k1net1c and 4uantum y1e1d data, a16e1t w1th 10wer prec1510n ( 10%-15% uncerta1nty). 

Keyw0rd5: Ar0mat1c ket0ne; Ph0t05en51t12at10n; 51n91et m01ecu1ar 0xy9en; 5tandard 

1. 1ntr0duct10n 

Ph0t0-0xY9enat10n pr0ce55e5 med1ated 6y 51n91et m01ec- 
u1ar 0xy9en 02( 1A 8) c0nt1nue t0 attract the attent10n 0f the 
5c1ent1f1c c0mmun1ty 0w1n9 t0 the1r app11cat10n 1n var10u5 
area5, 5uch a5 the 5ynthe515 0f n0ve1 c0mp0und5, pur1f1cat10n 
0f wa5tewater5, ph0t0de9radat10n 0f p01ymer5 and ph0t0dy- 
nam1c therapy 0f d1fferent d15ea5e5. Fer a 1ar9e num6er 0f 
c0mp0und5, c0n51dera61e eff0rt5 have 6een dev0ted t0 the 
4uant1f1cat10n 0f the a6111ty t0 act a5 02(1A~) ph0t05en51t12- 
er5. Recent1y, a c0mp11at10n 0f 02(1k,9) pr0duct10n 4uantum 
y1e1d5 (4,a) ha5 6een pu6115hed [ 1 ]. Data 0r191nat1n9 1n d1f- 
ferent 1a60rat0r1e5 0n a 91ven c0mp0und 5h0w a h19h de9ree 
0f 5catter. 1n m05t ca5e5, th15 5catter ean 6e traced t0 rea1 
d1fference51n the 5y5tem var1a61e5, e.9. 501vent, temperature, 
exc1tat10n wave1en9th, etc. 1n 0ther5, h0wever, the 5catter 
0r191nate5 fr0m the meth0d 0f mea5urement. 

Quantum y1e1d5 0f 02(1A9) pr0duct10n can 6e mea5ured 
6y 0pt1ca1, chem1ca1 and ca10r1metr1c meth0d5.0f the5e, the 
meth0d5 0f ch01ce are th05e 1nv01v1n9 0pt1ca1 techn14ue5 a5 
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the5e d1rect1y m0n1t0r 02(tA9). 0pt1ca1 meth0d5 are 6a5ed 
0n the c0mpar150n 6etween the 02(~A~) ph05ph0re5cence 1n 
the near-1R re910n ( 1270 nm) pr0duced 6y a 5amp1e and a 
reference 5en51t12er, 1.e. a 5u65tance wh05e +1~a va1ue 15 kn0wn 
w1th accuracy under the exper1menta1 c0nd1t10n5 u5ed. E5ta6- 
115h1n9 5tandard5 15 theref0re 0f pr1me 1ntere5t. 7he c0mpar- 
150n re4u1re5, am0n9 0ther c0nd1t10n5, that the 5amp1e and 
reference 5en51t12er are d15501ved 1n the 5ame 501vent, a5 the 
02(tA8) rad1at1ve rate c0n5tant 15 dramat1ca11y 501vent 
dependent [2,3]. 7h15 re4u1rement 15 far m0re demand1n9 
than 1n c0nvent10na1 f1u0re5cence 5pectr05c0py and, a5 a c0n- 
5e4uence, a reference 15 needed f0r every p055161e 501vent. 

7he m05t c0mm0n appr0ach t0 the determ1nat10n 0f a650- 
1ute ~a va1ue5 15 the u5e 0f chem1ca1 meth0d5 that trap 
02(1A 5) w1th react1ve 5u65trate5. 7hey are 1nd1rect, a5 the 
4uant1ty actua11y mea5ured 15 the extent 0f 5u65trate dep1e- 
t10n, 0xy9en c0n5umpt10n 0r react10n pr0duct 6u11d-up [ 1 ]. 
7he 5pec1f1c1ty 0f the 5u65trate t0ward5 02(tA9) 15 an 1nher- 
ent pr061em and 50urce 0f uncerta1nty, a5 0ther mechan15m5 
may 6e 1nv01ved 1n the ph0t0- 0xy9enat10n pr0ce55, Further- 
m0re, the re1at1ve c0ntr16ut10n 0f the d1fferent mechan15m5 
15 5tr0n91y 501vent dependent, a c0mp11cat10n wh1ch hamper5 
t11e u5e 0f a 91ven accept0r 1n a w1de ran9e 0f 501vent5, 

An a1ternat1ve appr0ach 15 the u5e 0f ca10r1metr1c meth0d5, 
e.9. 1a5er-1nduced 0pt0ac0u5t1c ca10r1metry (L10AC), t1me- 
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5cheme 1. Chem1ca1 5tructure5 0fth0 5en51t12er5 5tud1ed 1n th15 w0rk. 

re501ved therma1 1en51n9 (7R7L) 0r the m0re 50ph15t1cated 
ph0t0therma1 6eam def1ect10n (P8D), wh1ch m0n1t0r the 
rad1at10n1e55 pr0ce55e5 c0nc0m1tant w1th 02(~A~) pr0duc- 
t10n and decay [4-7]. 7hey are e5pec1a11y we11 5u1ted f0r 
02( tA 5) detect10n 51nce m05t 0f the ener9y 0f th15 5pec1e515 
105t thr0u9h n0n-rad1at1ve channe15. Ca10r1metr1c meth0d5 
are a150 c0mparat1ve, the ph0t0ca10r1metr1c reference 6e1n9 
a 5u65tance wh1ch re1ea5e5 a11 a650r6ed ener9y a5 heat 0n a 
t1me 5ca1e much 5h0rter than the t1me w1nd0w 0f the exper1- 
ment [8]. A1th0u9h 5amp1e and reference 5t111 need t0 6e 
mea5ured 1n the 5ame 501vent (the 519na1 1nten51ty depend5 
0n 1t5 thermce1a5t1c pr0pert1e5 [ 8] ), ca10r1metr1c meth0d5 
have a c1ear advanta9e 0ver chem1ca1 and 0pt1ca1 techn14ue5 
51nce un1ver5a1 501vent.1ndependent ph0t0ca10r1metr1c ref- 
erence5 are w1de1y ava11a61e. 7hey are theref0re free fr0m the 
uncerta1nt1e5 a550c1ated w1th 501vent chan9e5. A1th0u9h 
7R7L ha5 6een 5ucce55fu11y app11ed t0 the determ1nat10n 0f 
~ f0r 5evera1 5en51t12er5, 1nc1ud1n9 ar0mat1c hydr0car60n5 
and ket0ne~, the u5e 0f the exper1menta11y 1e55 demand1n9 
L10AC ha5 6een 11m1ted t0 a few 5en51t12er5 [6,7,9,10]. 1n 
th15 w0rk, the 5u1ta6111ty and 11m1tat10n5 0f the L10AC tech- 
n14ue f0r the determ1nat10n 0f ~a va1ue5 are 5tud1ed. 

0fthe c0mp0und5 kn0wn t0 ph0t05en51t12e effect1ve1y the 
f0rmat10n 0f 02(~A5), ar0mat1c ket0ne5 are 1ntere5t1n9 a5 
p0tent1a1 5tandard5 a5 they 0ften have 1nter5y5tem cr0551n9 
4uantum y1e1d5 c105e t0 un1ty, 1.e. 0n1y tr1p1et 5tate react10n5 
need t0 6e c0n51dered when d15cu551n9 the1r ph0t0chem15try. 
Ener9y tran5fer t0 0xy9en t0 f0rm 51n91et 0xy9en 1ar9e1y 
d0m1nate5 (eff1c1ency c105e t0 un1ty) when the ket0ne•510w- 
e5t tr1p1et 5tate 15 0f (~n*)  c0nf19urat10n [ 11,12 ]. A num6er 
0f re5earch 9r0up5 have u5ed 5uch ar0mat1c ket0ne5 f0r 
¢3~(t~t) ph0t05en51t12at10n, e.9. 4-pheny1-6en20phen0ne 
(P8P) [ 13], 6en2anthr0ne (8A) [ 14], phena1en0ne (PN) 
[9,13,15] and 1t5 water-501u61e 2-5u1ph0n1c ac1d der1vat1ve 
(PN5) [ 16] and the e1e9ant 5y5tem 0f an ar0mat1c ket0ne, 

e.9. 6en20phen0ne, p1u5 naphtha1ene (0.1 M) (8P-N; 
5cheme 1) [17-19]. 80th phena1en0ne and the ar0mat1c 
ket0ne-naphtha1ene (0.1 M) 5y5tem have 6een rep0rted t0 
have ~6a va1ue5 c105e t0 un1ty 1n 501vent5 0f var10u5 p01ar1t1e5 
[9,15,17-19]. H0wever, W11k1n50n et a1. [20] 06ta1ned 
50mewhat 10wer 501vent-dependent va1ue5 f0r the 8P-N 5y5- 
tem. PN 5eem5 t0 6e free fr0m 5uch draw6ack5; the 0r191na1 
w0rk 0f 011ver05 et a1. [ 15] rep0rt1n9 ~a-" 0.93 1n 6en2ene 
and 0n = 0.97 1n deuterated methan01 ha5 6een extended 6y 
5chm1dt et a1. [9] t0 5evera1 501vent5. 7he1r re5u1t5 5u99e5t 
an avera9e •6a va1ue 0f 0.95:1:0.05 1n m05t 501vent5. 1n the 
h0pe 0f c0ntr16ut1n9 t0 the ad0pt10n 0f PN a5 a 9enera1 5tan- 
dard, we rep0rt data 0n th15 c0mp0und u51n9 a1ternat1ve meth- 
0d5 and techn14ue5. 1n add1t10n, we rep0rt the 501vent 
dependence 0f ¢6A f0r the 0ther ket0ne5 8A, P8P and the 8P-  
N 5y5tem, 5tud1ed t0 a55e55 the1r u5e a5 a1ternat1v¢ 5ta0dard5. 

2, Mater1a15 and meth0d5 

2.1. Chem1ca15 

PN, P8P, 8A, 8P, 2-hydr0xy-6en20phen0ne (2H8P), fer- 
r0cene (FC) and 6r0m0cre501 pmp~e (8CP) were purcha5ed 
fr0m A1dr1ch. Ana1yt1ca19rade anthracene wa5 fr0m Merck. 
A11 were u5ed a5 rece1ved. Naphtha1ene wa5 purcha5ed fr0m 
Panreac and recry5ta1112ed pr10r t0 u5e. PN5 wa5 prepared a5 
de5cr16ed prev10u51y [16]. A11 501vent5, purcha5ed fr0m 
5D5, were 0f HPLC 0r 5pectr05c0p1c 9rade, and were u5ed 
w1th0ut further treatment. Ar90n and 0xY9en fr0m Car6ur05 
Met611c05 were 0f pur1ty 6etter than 99.99%. F0r 0xy9en 
4uench1n9 exper1ment5, they were m1xed t0 the de51red pr0- 
p0rt10n u51n9 ca116rated f10w meter5, the 0xy9en c0ncentra- 
t10n 1n the 501ut10n5 6e1n9 ca1cu1ated u51n9 pu6115hed 
501u6111ty data after c0rrect1n9 f0r the vap0ur pre55ure 0f the 
501vent [21,22]. 5pec1f1ca11y, vap0ur pre55ure5 at 25 °C were 
ta~en a5: cyc10hexane, 97.8 70rr; t01uene, 28.5 70rr; acet0n- 
1tr11e, 88.8 70m ethan01, 59.0 70n•; d1ch10r0methane, 435.8 
70n•; f0r D20 the va1ue 1n H20 wa5 taken, 23.8 70m 7he 
0xy9en 501u6111ty va1ue5 at 1 atm 02 part1a1 pre55ure were 
taken a5: cyc10hexane, 11.5 ~M; t01uene, 9.88 mM; acet0n- 
1tr11e, 9.1 mM; ethan01, 9.92 mM; d1ch10r0methane, 10.7 mM; 
f0r D20 the va1ue 1n H20 wa5 taken, 1.27 mM. 

2.2. Meth0d5 

A650rpt10n 5pectra were mea5ured w1th a Var1an Cary 4E 
0r a Perk1n E1mer Lam6da 2 5pectr0ph0t0meter, per10d1ca11y 
ca116rated w1th a h01m1um 0x1de f11ter (He11ma). F1u0re5- 
cence 5pectra were mea5ured w1th a 5h1mad2u RF-540 5pec- 
tr0f1u0r0meter. F1u0re5cence 4uantum y1e1d5 were 
determ1ned f0110w1n9 5tandard pr0cedure5 u51n9 ant~,acene 
1n ethan010r naphtha1ene 1n cyc10hexane a5 5tandard~ [23]. 

7he 1a5er fac111ty f0r 02(~A9) ph05ph0re5cence detect10n 
(7RPD) 15 6a5ed 0n that de5cr16ed prev10u51y [ 24,25 ]. An 
N21a5er (Rad1ant Dye5 La5er Acce550r1e5) de11ver1n9 5 mJ, 
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6 n5 pu15e5 at 337 nm wa5 u5ed t0 exc1te a1r-5aturated 5amp1e5 
c0nta1ned 1n a 1 cm path 1en9th 4uart2 euvette. 7he d1ameter 
0f the 6eam 1n the cuvette wa5 reduced t0 appr0x1mate1y 8 
mm 6y a 100 cm 1en5. 7he 1a5er f1uence wa5 var1ed u51n9 a 
var1a61e neutra1 den51ty f11ter and mea5ured 6y d1vert1n9 a 
5ma11 fract10n 0f the 6eam 0nt0 a pyr0e1eetr1c ener9y meter 
(La5er Prec1510n C0rp. RJ7610 w1th RJP-735 head) 6y 
mean5 0f a ca116rated 6eam 5p11tter. 7he 1um1ne5cence ar151n9 
fr0m the cuvette wa5 pa55ed thr0u9h a 1050 nm cut-0ff5111c0n 
f11ter and a 1270 nm 1nterference f11ter, and detected w1th a 
61a5-rever5ed 5 mm d1ameter Jud50n J16 55p 9erman1um 
d10de (t1me re5p0n5e, 600 n5). After amp11f1cat10n w1th a 
h0me-6u11t amp11f1er, the 519na1 wa5 fed t0 a 150 MH2 Lecr0y 
9410 d191ta1 05c11105c0pe f0r d191t121n9 and avera91n9 (typ1- 
ca11y 100 5h0t5), and f1na11y tran5ferred t0 ,~ PC 6y mean5 0f 
a Nat10na11n5trument5 A7-6P18 1nterface and La6W1nd0w5 
50ftware. 7he tr199er 519na1 f0r the 5c0pe wa5 pr0v1ded 6y an 
aux111ary fa5t ph0t0d10de detect1n9 yet an0ther 5ma11 d1verted 
fract10n 0f the 6eam. 1n a11 501vent5 and f0r a111a5er f1uence5, 
the decay p0rt10n 0f the 519na15 c0u1d 6e f1tted w1th a 51n91e- 
exp0nent1a1 1•unct10n, wh05e 2er0 t1me 1nten51ty 5(0) 15 
re1ated t0 ~a thr0u9h 

5(0) = KkRdpaE~( 1 - 10 -•t) (1) 

where K 15 a pr0p0rt10na11ty c0n5tant that 1nc1ude,.~ 9e0metr1c 
and e1eetr0n1e fact0r5 0f the detect10n 5y5tem, kR 15 the 501- 
vent-5pec1f1c rad1at1ve decay rate c0n5tant, E~ 15 the 1nc1dent 
1a5er ener9y andA 15 the 5amp1e a650r6ance at 337 nm. Wh11e, 
1n pr1nc1p1e, the 4•-, va1ue5 can 6e determ1ned fr0m the 51mp1e 
c0mpar150n 0f 5(0)  f0r 5amp1e and reference under the 5ame 
E1 and A e0nd1t10n5, 9reater aceuracy 15 06ta1ned when 5(0) 
15 mea5ured a5 a funct10n 0f E1 keep1n9 A c0n5tant. 7he 
065ervat10n 0f a 11near re1at10n5h1p w1th 2er0 1ntercept per- 
m1t5 unde51ra61e phen0mena 5uch a5 mu1t1ph0t0n1c a650rp- 
t10n 0r 9r0und 5tate dep1et10n t0 6e ru1ed 0ut. Repet1t10n 0f 
the5e exper1ment5 at 5evera1 a650r6anee5, each y1e1d1n9 a 
11near 5(0) v5. E1 p10t w1th 510pe (05(0)/0E~)A, a110w5 the 
c0n5truet10n 0f a 510pe v5. ( 1 - 10-•t) p10t f0r 60th 5amp1e 
and reference. 7h15 e11m1nate5 the uncerta1nt1e5 a550c1ated 
w1th the exact match1n9 0f the a650r6ance f0r 5amp1e and 
reference. 7he rat10 0f the 510pe5 f0r the5e p10t5 u1t1mate1y 
aff0rd5 the rat10 0f the ~a va1ue5. 

L10AC u5e5 a p1e20e1ectr1c tran5dueer t0 5en5e the pre5- 
5ure wave c0nc0m1tant w1th 10ca1 v01ume chan9e5 1nduced 
6y pu15ed 1a5er 1rrad1at10n 0f the 5amp1e. V01ume chan9e5 
can have a therma1 0r191n, 1.e. heat1n9 0f the 501vent thr0u9h 
exc1ted 5tate rad1at10n1e55 decay pr0ce55e5 0r 5ec0ndary 
ehem1ea1 react10n5 [ 8,26--30], and 50met1me5 a 5tructura1 
0r191n, e.9. a5 a re5u1t 0f a chem1ca1 react10n 0r 501vent re0r- 
9an12at10n [31-34 ]. 7he 5et-up u5ed 15 e55ent1a11y 1dent1ca1 
w1th that f0r 7RPD except f0r the 1a5er 6eam 9e0metry and 
the detect10n 5y5tem. We tr1ed 60th a 1 mm d1ameter c1rcu1ar 
6eam pr0duced 6y a 100 cm 1en51n c0m61nat10n w1th a 1 mm 
aperture [ 35 ] and a rectan9u1ar 1 m m ×  8 mm 6eam pr0duced 
6y a 100 cm cy11ndr1ca1 1en5 p1u5 a 100 cm 1en5 and a 1 mm 
vert1ca1511t [ 36]. 7he re5u1t5 u51n9 60th 9e0metr1e5 were the 

5ame, 6ut the 511t pr0duced a f1vef01d 6etter 519na1-t0-n015e 
rat10. 7he 501ut10n5 were c0nta1ned 1n a 5tandard 9a5-t19ht 1 
cm × 1 em 4uart2 cuvette and the pre55ure wave wa5 detected 
w1th a 4 mm P27 ceram1c tran5ducer (Vern1tr0n; 1 MH2) 
pre55ed t0 the 51de wa11 0f the cuvette. A th1n 1ayer 0f 5111c0n 
9rea5e en5ured 0pt1mum ac0u5t1c c0up11n9 6etween the 
cuvette and tran5ducer. 7h15 detect10n 5y5tem 15 51m11ar t0 
that de5cr16ed 6y Pate1 and 7am [ 26] and wa5 a55em61ed at 
the Max-P1anck-1n5t1tut ft1r 5trah1enchem1~ [ 35]. Extreme 
care wa5 taken n0t t0 d15tur6 th15 c0up11n9 dur1n9 a 5er1e5 0f 
exper1ment5.7he 519na15 were fed t0 the 5c0pe and tran5fen-ed 
t0 a PC. Ana1y515 wa5 acc0mp115hed f0110w1n9 tw0 d1fferent 
appr0aehe5.7he f1r5t take5 the 1nten51ty 0f the 0pt0ac0u5t1c 
519na1 max1mum a5 a mea5ure 0f the v01ume chan9e5 
[26,35]. 7he 5ec0nd 15 6a5ed 0n the dec0nv01ut10n 0f the 
pre55ure-t1me wavef0rm [6,37-39]. 

2.2.1. L10AC determ1nat10n5 w1th the max1mum atnp11tude 
meth0d 

7he amp11tude 0f the f1r5t 519na1 max1mum H,,,,~ wa5 ca1- 
cu1ated fr0m the 6e5t 5ec0nd-0rder p01yn0m1a1 f1t t0 the data 
p01nt5 near the max1mum. 1n the a65ence 0f 5tructura1 v01ume 
chan9e5, the 0pt0ac0u5t1c max1mum amp11tude Hma,, 15 
re1ated t0 the 1nc1dent 1a5er ener9y 6y 

Hma x = K•CtE1( 1 -- 10 -A) (2) 

where K• 15 a pr0p0rt10na11ty c0n5tant that acc0unt5 f0r 9e0- 
metr1c and e1ectr0n1c fact0r5, a5 we11 a5 f0r the therm0e1a5t1c 
pr0pert1e5 0f the 501vent, and a 15 the fract10n 0f a650r6ed 
ener9y re1ea5ed a5 fa5t heat. 7he attr16ute ••fa5t•• 15 re1ated t0 
the effect1ve ac0u5t1c tran51ent t1me (2~ = d/v~, where d 15 
the 6eam d1ameter and 0,, 15 the 50und ve10c1ty 1n the 501vent 
u5ed; 1n 0ur exper1ment5 7~,~= 1 /x5) [8]. 7he tran5ducer 
1nte9rate5 the heat dep051ted 1n pr0ce55e5 fa5ter than r0u9h1Y 
~r~,J5 and 19n0re5 a11 pr0ce55e5 510wer than 5•r•a 140]. 7he 
1ntermed1ate ca5e5 are d15cu55ed 6e10w. 7he a va1ue 15 
06ta1ned 6y the 5y5temat1c mea5urement 0f Hm~,, a5 a funct10n 
0f Ej and A f0r 60th 5amp1e and reference, a5 de5cr16ed f0r 
7RPD. We u5ed 2H8P and FC a5 ca10r1metr1c reference5 
( a = 1 ) f0r 0r9an1c med1a, and 8CP f0r water [41,42]. 7hu5 
a < 1 1nd1cate5 that an ener9y-5t0r1n9 5pec1e5 11v1n9 10n9er 
than 5•r•,, 15 pr0duced 1r the 5y5tem. An ener9y 6a1ance per- 
m1t5 0t t0 6e re1ated t0 the ener9y c0ntent 0f th15 5pec1e5 

E~-- aE~ + 4,rEf+ 4,,,E~, (3) 

where E•, Ef and E~t are the m01ar ener9y c0ntent5 0f the 1a5er 
ph0t0n5 (356 kJ m01-1 f0r the N2 1a5er), f1u0re5cence ph0- 
t0n5 and 10n9-11ved 5pec1e5 re5pect1ve1y, and ~6r and 4~5t are 
the 4uantum y1e1d5 0f f1u0re5cence and pr0duct10n 0f the 
ener9y-5t0r1n9 5pec1e5 re5pect1ve1y. F0r 0ur ket0ne5, d1551- 
pat10n thr0u9h rad1at1ve pr0ce55e515 ne9119161e (5ee 5ect10n 
3). 1n ar90n-5aturated 501ut10n5, the 5t0r1n9 5pec1e5 15 the 
5en51t12er•5 tr1p1et 5tate wh05e 11fet1me 5pan5 5evera1 ten5 0f 
m1cr05ec0nd5 [ 15 ]. A55um1n9 4~1~c = 1, E715 ca1cu1ated fr0m 
the mea5ured a va1ue a5 Er = E•( 1 - 0t). 1n the pre5ence 0f 
0xy9en, the 5t0r1n9 5pec1e515 02(JA~) wh05e ener9y c0ntent 
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F19. 1. (A) La5er ener9y dependence 0f the 2er0 t1me 1nten51ty 0f the 
0~( ~A 8) ph05ph0re5cence 519na1 5en51t12ed 6y 8A 1n cyc10hexane. 1n5et: 
typ1 -~a1 02( tA 5) ph05ph:~re5eence r15e and decay. (8) 510pe5 0f the ener9y 
p10:5 a5 a funct10n 0f the 5amp1e a650r6ance. 

15 Ea = 94.2 kJ m01 - 1.1n th15 ca5e, ~6a va1ue5 are ca1cu1ated 
a5 d~a = ( 1 - a ) E A / E a = 3 . 7 7 ( 1 - a ) .  

2.2.2. L10A C determ1nat10n5 w1th the dec0nv01ut10n meth0d 
F0r 5y5tem5 1n wh1ch ( 1 ) the 1a5er pu15e durat10n 15 much 

5h0rter than the exc1ted 5tate 11fet1me and the detect0r 
re5p0n5e t1me, (2) and the 5tructura1 v01ume chan9e5 are 
ne9119161e~ the 065erved ener9y-n0rma112ed 0pt0ac0u5t1c 
wave 5(t) 15 a c0nv01ut10n 0f the 5y5tem re5p0n5e R(t)  and 
the rate 0fheat  ev01ut10n 4•(t) a5 5h0wn 1n E4. (4) [36-391 

5(t) =H(t)/E~(1 - 10 -A)=R( t )~4~( t )  

1 

= fR(t)4•( t -u)du (4)  
0 

where H(t) 15 the 065erved wavef0rm. F0r 5h0rt-11ved tran- 
51ent5, th15 1nte9ra1 appr0ache5 R(t) ,  the 5y5tem re5p0n5e. 
Hence R(t)  can 6e exper1menta11y determ1ned 6y mea5ur1n9 
a ca10r1metr1c reference. At the 0pp051te extreme are th05e 
tran51ent5 11v1n9 10n9er than appr0x1mate1y 5-r•,,. 7he c0n- 
v01ut10n 1nte9ra1 n0w van15he5 t0 2er0,1.e. 510w tran51ent5 d0 
n0t c0ntr16ute t0 the 0pt0ac0u5t1c 519na1. F0r 5y5tem5 1n 
wh1ch 0n1y• •fa5t•• and••510w• • pr0ce55e5 0ccur, the 065erved 
wave 151dent1ca11n 5hape t0 R(t) ,  6ut ha5 a 5ma11er amp11tude. 
7he undetected heat c0rre5p0nd5 t0 the ••5t0red•• heat 1n the 
max1mum amp11tude meth0d d15cu55ed a60ve, wh05e u5e 
under the5e c0nd1t10n5 15 theref0re 1e91t1mate. 7he dec0nv0- 
1ut10n meth0d 15 6e5t 5u1ted f0r treat1n9 1ntermed1ate ca5e5, 

where a c1ear pha5e 5h1ft 6etween 5(t) and R(t) ex15t5. A 
k1net1c decay m0de1 4ca1c(t) 15 a55umed and the parameter5 
are 0pt1m12ed f0r the ca1cu1ated c0nv01ut10n C(t) = R(t) • 
4 ~ca,c(t) t0 repr0duce 1n the 6e5t way the 065erved wave, f01m 
5(t). 7he dec0nv01ut10n 6y 1terat1ve ree0nv01ut10n pr09ram 
u5ed 15 6a5ed 0n the Laven6er9-Mar4uardt X 2 m1n1m12at10n 
pr0cedure [39]. 

3. Re5u1t5 and d15cu5510n 

3.1. F1u0re5cence 4uantum y1e1d5 

A11 c0mp0und5 are e55ent1a11y n0n-f1u0re5cent 1n apr0t1c 
501vent5 (~6f< 10-4),  6ut a weak f1u0re5cence 15 065erved 1n 
ethan01 f0r 60th 8 A  ( ~ 6 f - 1 . 3 × 1 0 - 3 )  and P8P  
(~6f= 5 × 10-3),  pr06a61y ref1ect1n9 a re0rder1n9 0f the 51n- 
91et and tr1p1et (¢r¢r*) 8nd (n,n-*) ener9y 1eve15 [43--46]. 1n 
any ca5e, the f1u0re5cence y1e1d5 are 50 10w that rad1at1ve 
deact1vat10n can 5afe1y 6e ne91ected 1n the ana1y515 0fL10AC 
exper1ment5 (5ee 6e10w). 

3.2. Re1at1ve cka va1ue5 fr0m 7RPD exper1ment5 

F19. 1 5h0w5 the ener9y dependence p10t5, and a650r6ance 
dependence 0f the~r 510pe5, f0r 8A 1n cyc10hexane. 51m11ar 
p10t5 were 06ta1ned f0r a11 5en51t12er5 1n a11 501vent5. 7he 
va1ue5 0f 06a re1at1ve t0 that 0f PN are c011ected 1n 7a61e 1. 
C1ear1y, PN emer9e5 a5 the m05t eff1c1ent 5en51t12er 1n a11 
50•vent5, w1th the except10n perhap5 0f 8 A  1n n0n-p01ar 
cyc10hexane and t01uene. 1t 15 a150 apparent that the 0ther 
ket0ne5 have ~6a va1ue5 c105e t0 un1ty 1n n0n-p01ar 501vent5 
0n1y, y1e1d1n9 519n1f1cant1y 10wer va1ue5 a5 the med1um p01ar- 
1ty 0r pr0t1c character 1ncrea5e5. 

7he 501vent dependence 0f the cka va1ue5 ru1e5 0ut 8A,  
P8P and 8 P - N  a5 un1ver5a1 5tandard5. 7h15 c0nc1u510n 15 
part1cu1ar1y re1evant f0r the ar0mat1c ket0ne-naphtha1ene 
5y5tem, wh1ch had 6een 5u99e5ted a5 a va1ua61e 5tandard w1th 
46 a c105e t0 un1ty 1n cyc10hexane and acet0n1tr11e [ 17-19]. 
0u r  re5u1t5 (cf. 7a61e 1 ) are 1n 11ne w1th th05e rep0rted 6y 
W11k1n50n et a1. [20],  e.9. ~6t~=0.92 1n cyc10hexane and 
~6a = 0.62 1n acet0n1tr11e. 

7a61e 1 
501Vent dependence 0f tne re1at1Ve ~k,, Va1Ue5 f0r the 5en51t12er5 5tUd1ed a5 determ1ned 6y 7RPD 

5en51t12er Re1at1Ve <kA Va1Ue ° 

CyC10heXane 701Uene ACet0n1U11e Ethan01 D1Ch10r0methan¢ 

PN 1 1 1 1 1 

8A 1.03 1,03 0.78 0,81 0,81 
P8P 0.92 0.96 0.83 0.83 0.83 
8P-N 1.00 0.82 0.65 0.79 0.79 

" +5%. 
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F19. 2, 0xY9en c0ncentrat10n effect5 0n the PN 0pt0ac0u5t1c wave 1n ace 
t0n1tr11e 501ut10n5.7he reference wave wa5 06ta1ned u51n9 2H8P. 
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F19. 3. 510pe5 0fthe 0pt0ac0u5t1c max1mum amp11tude v5.1a5er ener9y p10t5 
a5 a funct10n 0f the 5amp1e a650r6ance f0r PN and 2H8P 1n acet0n1tr11e. 
1n5et5:1a5er ener9y dependence 0f the 0pt0ac0u5t1c max1mum amp11tude f0r 
PN and 2H8P at 5evera1 a650r6ance5. 

7a61e 2 

3.3. A6501ute ~6~ va1ue5 f0r PN fr0m L10AC 

7 R P D  exper1ment5 p01nted t0 PN a5 the m05t pr0m151n9 
5tandard cand1date 0f  the ket0ne5 5tud1ed 1n th15 w0rk. A5 a 
next 5tep, we undert00k the determ1nat10n 0f  the a6501ute ~,, 
va1ue f0r th15 c0mp0und  u51n9 L10AC.  1n th15 pr0ce55, we 
exp10red and c0mpared  the max1mum amp11tude and dec0n- 
v01ut10n meth0d5. 

3.3.1. Max1mum amp11tude meth0d 
F19. 2 5h0w5 typ1ca1 L 1 0 A C  wavef0rm5 f0r a1r- and 0xy- 

9en-5aturated M e C N  501ut10n5 0f  PN and the ca10~metr1c 
reference 2H8P.  C1ear1y, the 5en51t12er wave  15 ph~5c 5h1fted 
w1th re5pect t0 that 0f  the reference under  a1r-5aturated c0n- 
d1t10n5, an 1nd1cat10n that the ener9y tran5fer 5tep fr0m the 
ket0ne tr1p1et t0 0xy9en  0ccur5 1n the 1ntermed1ate 7~a/ 
5 ~< ~ <  5~r~ re910n, where the amp11tude wave 15 n0 10n9er 
pr0p0rt10na1 t0 the heat re1ea5ed. Ana1y515 0f  the amp11tude 
rat10 a u51n9 E4. (3)  wa5 n0t at tempted a5 1t w0u1d y1e1d 
apparent ~ ,  va1ue5 1ar9er than the true va1ue5. 

W h e n  a1r wa5 rep1aced 6y 0xy9en,  the 5h1ft wa5 n0 10n9er 
pre5ent and the max1mum amp11tude 1ncrea5ed a5 ant1c1pated 
(cf.  F19. 2) .  7 h e  5ame wa5 true f0r a11 0ther 501vent5, w1th 
the except10n 0f  CH2C12 and D20,  where the c0ncentrat10n 
0f  0xY9en wa5 10wer. 1n D20,  where PN5  and 8 C P  were 
u5ed 1n5tead 0f  the 1e55 501u61e PH and  2 H 8 P ,  th15 15 due t0 
the 10w 501u6111ty 0f  0xy9en,  a55umed t0 6e the 5ame a5 1n 

H~0  [22] .  1n CH2C12, th15 15 the re5u1t 0 f  a re1at1ve1y 1ar9e 
501vent vap0ur pre55me [21 ]. F19. 3 5h0w5 th0 ener9y and 
a650r6ance dependence p10t5 1n acet0n1tr;,1e. 51m11ar p10t5 
were 06ta1ned 1n a11 501vent5, and the ~A re5u1t5, ca1cu1ated 
u51n9 E4. ( 3 ) ,  are c011ected 1n 7a61e 2. 1t 15 remarka61e that 
the err0r 6ar5 d0 n0t exceed 3 % - 5 % .  

7 h e  ca5e 0f  t01uene de5erve5 5pec1a1 c0mment .  701uene 
f0rm5 a char9e tran5fer c0mp1ex w1th 0xy9en  wh05e a650r6- 
ance at 337 n m  15 c0mpara61e w1th that 0 f  the 5en51t12er 
(At0t02 = 0.063 under 0xy9en) ,  1.e. th15 c0mp1ex effect1ve1y 
c0mpete5 w1th the 5en51t12er f0r 119ht a650rpt10n. Further- 
m0re, exc1tat10n 0f  the t01uene--0xy9en c0mp1ex pr0duce5 

A6501ute 4uantum y1e1d5 f0r 0 2 ( tA8 ) ph0t05en51t12at10n (~A), tr1p1et ener91e5 (E.r), tr1p1et 11fet1me51n a1r-5at,~xated 501ut10n5 ("r7(a1r)) and rate c0n5tant5 f0r 
tr1p1et 4uench1n9 6y ,~xy9en (k-r~) f0r PN 1n 5evera1 501vent5 (PN5 1n water), a5 determ1ned 6y L10AC u51n9 the max1mum amp11tude and dec0nv01ut10n 
meth0d5 

501vent ~ Ex (10 m01 -D ) ~7(a1r) kr~ 
C,5) (10~M -1 5 -1) 

Max1mum Dec0nv01ut10n Max1mum Dec0nv01ut10n 
amp11tude amp11tude 

Cyc10hexane 0.91 -1- 0.03 0.98 • 0.08 174 + 5 166 + 22 260 + 90 2.9 + 0.2 
701uene 0.92 5= 0.03 178 + 8 2.2 a 
D1ch10r0methene - * 0.96 -1- 0.08 183 + 8 180 + 4 470 + 20 1.9 + 0.2 
Acet0n1tr11e 1.00 + 0.02 0.94 • 0.08 182 + 10 164:1:12 230 • 40 3.2 + 0.2 
Ethan01 0.92 + 0.03 0.93 5:0.08 182 + 8 176:1:11 250 + 20 2.9 • 0.2 
Water (PN5) - "  0.97 +0.06 6 168 • 10 ~ 180 •4 6 1700 • 200 6 1.3 +0.1 6 

= 7he  meth0d cann0t 6e app11ed (5ee text). 
e 1n D20.  
c 1n H20. 
•/Re1". [13] .  
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$ch0m0 2, K1net1c and ca10r1metr1c ana1y515 0f the exc1ted 5tate 6¢hav10ur 
0f1h0 ~n51t12er5,1t 15 a55umed that th0 tr1p1et 4uantum y1e1d 15 c105e t0 un1ty 
and that tr1p1et decay 0ccur5 exc1u51ve1y thr0u9h 0xy9en 4uench1n9 1n a1r- 
and 0xy8en.5a1urated 501ut10n5 (k7 m k7~,c02; 5ee text ), 

02(1A 5) w1th ~,,2-0.2 [47]. 7hu5 the mea5ured a va1ue 15 
actua11y a c0m61nat10n 0f the re5pect1ve va1ue5 f0r PN and 
the char9e tran5fer c0mp1ex a5 5h0wn 1n E4. (5) 

a ~ ~t°10:At°10~ + aPNA~ ~ (5)  

At010, + ApN 

Fr0m the mea5ured a va1ue and the ca1cu1ated ¢~0~0~ va1ue 
(0.95 f0r 337 nm exc1tat10n, u51n9 E4. (3)), the true ~pN 
va1ue 15 read11y determ1ned. 7he re5u1t1n9 ~a -  0.92151n very 
900d a9reement w1th that rep0rted 6y 011ver05 et a1. [ 15] 1n 
6en2ene, ~,~ = 0.93. 

3,3.2, Dec0nv01ut10n meth0d 
F0r 02(1A~) 5en51t12at10n 6y the ket0ne5 u5ed here 1n the 

pre5ence 0f en0u9h 0xy9en t0 trap m05t tr1pF:t 5en51t12er5, 
the h¢at re1ea5e dynam1c5 can 6e m0de11ed w1th the 51mp11f1ed 
k1net1c treatment 5h0wn 1n 5cheme 2 [33] where k5, k7 and 
kA are the 065erv0d un1m01ecu1ar 0r p5eud0-un1m01ecu1ar 
decay rat¢ c0n5tant5 f0r 1M1, 5M1 and 02( ~A 8) re5pect1ve1y. 
1t 151mp11c1t 1n the heat funct10n5 that the three pr0ce55e5,1.e, 
tr1p1et 5tate f0rmat10n, tr1p1et 4uench1n9 6y 0xy9en and 
02(1A8) decay, 0ccur 0n d1fferent t1me 5ca1e5, 1,e. 
k5 ~ k,r :~ ka, 7he t0ta1 m0de1 heat funct10n 15 then the 5um 
0f the a60ve term5 ( E4, (6) ) 

E,,-E7 E,r- 4,~E. 
4 ~ ( t )  = ~ ( 1 - e  - ~ )  + E, E~ 

× ( 1 - e  -~r~) + ~ ( 1 - e  (6) 

and the c0nv01ut10n 0f 1t5 t1me der1vat1ve w1th R(t) render5 

C(t) =R(t) ~ (a~k5c-*~+ a2k~ -~) (7) 

wher¢ 02~ --~ ( E,~ - F~..r) /E,~ and a~.= ( E7- ~#,,Ea)1EA. 7he 
dec0nv01ut10n pr0c¢dure a110w5 f0r th0 e5t1mat10n 0f a~ and 

a2 (hence E7 and t6,x), a5 we11 a5 k5 and k7, 1n a 51n91e 
exper1ment. Wh11e th15 15 def1n1te1y an advanta9e 0ver the 
m0re ted10u5 max1mum amp11tude meth0d, the re5u1t5 have 
1ar9er err0r 6ar5.7h15 5tem5 fr0m the re4u1rement that 5amp1e 
and reference mu5t 6e mea5ured under exact1y the 5ame c0n- 
d1t10n5,1.e, matched a650r6ance5 and 1dent1ca11a5er ener91e5, 
there6y prec1ud1n9 the c0n5truct10n 0f the 11near trend5 1n 
1a5er ener9y and a650r6ance a5 1n the max1mum amp11tude 
meth0d (5ee a60ve). 1t 15 certa1n1y p055161e, 1n pr1nc1p1e, t0 
06ta1n an ener9y-n0rma112ed avera9e wavef0rm fr0m 5uch 
trend5, 6ut 0ur exper1ence 15 that the dec0nv01ut10n 0f the5e 
avera9e wavef0rm5 y1e1d5 h19h1y 5cattered re5u1t5. We f0und 
that the 6e5t pr0cedure wa5 t0 repeat the mea5urement5 f0r 
5amp1e and reference at f1xed a650r6ance and 1a5er ener9y 
(typ1ca11y 16 t1me5.), and t0 rep0rt the avera9e and 5tandard 
dev1at10n 0f 5uch repet1t10n5. 7he amp11tude 0f the 0pt0a- 
c0u5t1c wavef0rm wa5 prev10u51y checked f0r 11near1ty 1n 
1a5er ener9y and 5amp1e a650rpt10n. F19.4 5h0w5 the PN and 
2H8P wave5 1n a1r-5aturated CH:C1:, the 6e5t-f1t c0nv01uted 
wave ca1cu1ated u51n9 E4. (7) and the f1t re51dua15. 7h0 
re5u1t5 are a150 c011ected 1n 7a61e 2 and are 1n 900d a9reement 
w1th th05e 06ta1ned 6y the max1mum amp11tude meth0d, 
except f0r the af0rement10ned 1ar9er uncerta1nt1e5. 

3.4. 0xY9en 4uench1n9 0f PN tr1p1et 5tate 

7he tr1p1et 11fet1me data determ1ned 6y t11e dec0nv01ut10n 
meth0d can 6e u5ed t0 deduce the rate c0n5tant f0r tr1p1et 
4uench1n9 6y 0xY9en acc0rd1n9 t0 the 5tern-V01mer e4ua- 
t10n 

k7-  1/ ¢7= k7° + k7x[ 02] (8) 

A 5er1e5 0fexper1ment5 wa5 carr1ed 0ut 1n wh1ch ~71n PN 
501ut10n5 5aturated w1th m1xture5 0f ar90n and 0xy9en wa5 

0.01 

-0.01 

° 5  • 

• - ~  0.0 

11 -1.0 , 1 
5 6 7 8 

71me / 
F19.4. L10AC wavef0rm5 f0r PN and 2H8P 1n a1r-5aturated CH2C12 (5(t) 
and R(t) re5pect1ve1y). 6e5t-f1t c0nv01ut10n acc0rd1n9 t0 E4. (7) (C(t)) 
and re51dua15 0f the f1t. 
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7a61e 3 
Rec0mmended a6501ute ~6a va1ue5 f0r the 5en51t12er5 5tud1ed 1n th15 w0rk 

5en51t12er A6501ute 4~a va1ue5 

Cyc10hexane 701uene Acet0n1tr11e E t h a n 0 1  D1ch10r0methane Water-d2 

PN a 0.91 + 0.03 0.92 + 0.03 1.00 + 0.03 0.92 + 0.03 0.96 + 0.08 - 
PN5 a . . . . .  0.97 + 0.06 
8 A  1, 0.94 + 0.07 0.95 5:0.07 0.78 + 0.06 0.75 + 0.06 0.78 + 0.06 - 
P8P 6 0.84 + 0.06 0.88:1:0.06 0.83 + 0.06 0.76 + 0.06 0.80 5:0.06 - 
8P-N 6 0.91:1:0.07 0.75 + 0.06 0.65 5:0.05 0.73 + 0.06 0.76:1:0.06 - 

a Fr0m L10AC exper1ment5. 
6 Fr0m 7RPD exper1ment5 u51n9 PN a5 5tandard (5ee 7a61e 1 ). 
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F19. 5.5tern-V01mer p10t f0r tr1p1et PN 4uench1n9 6y 0xy9en 1n CH2C12 
u51n9 ~r va1ue5 determ1ned 6y L10AC. 

determ1ned u51n9 the L10AC dec0nv01ut10n techn14ue. F19. 
5 5h0w5 the 5tern-V01mer p10t 06ta1ned 1n CH2C12. Fr0m the 
510pe, the 4ueneh1n9 rate c0n5tant ean 6e 06ta1ned and 15 
5h0wn 1n 7a61e 2, t09ether w1th the va1ue5 f0r the 0ther 
501vent5. A1th0u9h 1t 15 p055161e, 1n pr1ne1p1e~ t0 06ta1n the 
tr1p1et 11fet1me at 2er0 0xY9en c0neentrat10n, •r ° =  1/ka ,°, 
fr0m 5uch p10t5, the err0r 6ar5 0f the 1ntercept are t00 1ar9e 
t0 pr0v1de a 900d e5t1mate. 7hu5 a11 p10t5 had an 1ntercept 
1nd15t1n9u15ha61e fr0m 2er0 w1th1n exper1menta1 err0r, wh1ch 
15 1n a9reement w1th the 11a5h ph0t01y515 data 0n rr °, e.9. 
•r ° =  38/~5 1n 6en2ene [15]. 7he 4ueneh1n9 rate c0n5tant5 
06ta1ned are 1n the (1.3-3.2) × 109 M-  1 5- ~ ran9e, c105e t0 
0ne-n1nth 0f the d1ffu510na1 va1ue [ 12,13,48,491.7h15 re5u1t 
15 c0n515tent w1th a tr1p1et ener9y va1ue 10wer than 200 kJ 
m01-1 a5 f1r5t p01nted 0ut 6y 61j2eman et a1. [50,51] and 
recent1y 065erved f0r a 5er1e5 0f 5u65t1tuted naphtha1ene5 
[20]. 

3.5. 7r1p1et 5tate ener9y f0r PN 

A5 a further check 0f the a60ve re5u1t5, we a150 determ1ned 
the Er va1ue5 6y app1y1n9 the m0re prec15e max1mum amp11- 

tude meth0d t0 ar90n-5aturated 501ut10n5 0f PN. 7he max1- 
mum amp11tude meth0d 15 e5pec1a11y we11 5u1ted f0r the 
determ1nat10n 0f the tr1p1et 5tate ener9y 1n th15 ca5e 51nce, 1n 
the a65ence 0f 0xY9en, the 10n9-11ved tr1p1et 5tate act5 a5 the 
501e ener9y-5t0r1n9 5pec1e5.7he va1ue5 06ta1ned 1n th15 w0rk 
are c011ected 1n 7a61e 2 and are 1n a9reement w1th th05e 
06ta1ned 6y the dec0nv01ut10n meth0d and a150 w1th that 
rep0rted 6y 5chm1dt et a1. [9] (Ea ,~ 182 kJ m01 ~ 1). H0w- 
ever, they are 519n1f1eant1y 10wer than that rep0rted 6y 011v- 
er05 et a1. [ 15] fr0m 77 K ph05ph0re5eence 5pectr05c0py 1n 
methy1cyc10hexane (E7 = 220 kJ m01 - 1 ). 

4. C0nc1u510n5 

F0ur ar0mat1c ket0ne5 were exp10red a5 p055161e un1ver5a1 
5tandard5 f0r 02(1A9) ph0t05en51t12at10n. PN and 1t5 m0re 
water-501u61e 2-5u1ph0n1c ac1d der1vat1ve PN5 emer9e a5 the 
0n1y 5en51t12er5 that pre5erve the1r h19h 45a va1ue5 1n a11 501- 
vent5 a55ayed. 7he a6501ute 4~a va1ue5 f0r th15 c0mp0und 
were determ1ned 1n 5evera1 501vent5 w1th the L10AC tech- 
n14ue, u51n9 the max1mum amp11tude and dec0nv01ut10n 
meth0d5.7he f0rmer y1e1d5 m0re prec15e ca10r1metr1c re5u1t5, 
6ut 1t5 u5e 15 re5tr1cted t0 5y5tem51n wh1ch 0xy9en 4uench1n9 
0f the tr1p1et 5en51t12er 0ceur5 1n the ••fa5t•• t1me re91me, 1.e. 
•rx < •r•a15.7he 1atter 15 free fr0m 5uch re5tr1ct10n5 and pr0- 
v1de5 E,r, ~A and •ra. data 1n a 51n91e exper1ment, a16e1t w1th 
1ar9er uncerta1nt1e5.7he de5cr1pt10n 0f PN ph0t0phy51c5 wa5 
c0mp1eted 6y 1nc1ud1n9 the rate c0n5tant5 f0r tr1p1et 4uench- 
1n9 6y 0xY9en and the tr1p1et ener91e5 1n 5evera1 501vent5. 
U51n9 the L10AC ~5a va1ue5 f0r PN, the a6501ute 4~a va1ue5 
f••r the 0ther ket0ne5 ean 6e ca1eu1ated fr0m the re1at1ve va1ue5 
1n 7a61e 1.7he re5u1t1n9 rec0mmended va1ue5 are c011ected 
1n 7a61e 3. 
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