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A65tract 

7he therm0rever516~e ph0t0chr0m1c react10n 5p1r0-1nd011ne00xa21ne ~ ph0t0mer0cyan1ne wa5 ph0t05en51t12cd 6y tr1p1et ener9y tran5fer 
u51n9 camph0r4u1n0ne (E7 ~ 215 kJ m01 ~ )  a5 5en51t12er and v15161e 119ht exc1tat10n (A~. ~ 436 nm). 1~r0m a650r6ance/t1me data, 06ta1ned 
dur1n9 5teady 1rrad1at10n, the 4uantum y1e1d 0f the ph0t05en51t12ed react10n wa5 determ1ned. 7he rate parameter 1"0r the d0n0r-accept0r 
1nteract10n wa5 06ta1ned fr0m 4uench1n9 mea5urement5 0f the 5en51t12er ph05ph0re5cence and fr0m the effect 0f the accept0r c0ncentrat10n 
0n the react10n y1e1d. 7he re5u1t5 06ta1ned f0r 51x ph0t0chr0me5 (5p1r0-1nd011ne.0xa21ne5 d1fferent1y 5u65t1tuted 1n the 1nd011ne and/0r 0xa21ne 
m01ety) 5h0w that ener9y tran5fer 0ccur5 at a d1ffu510n-c0ntr011ed rate and that the 11m1t1n9 4uantum y1e1d 0f the 5en51t12ed react10n, 
appr0x1mate1y un1ty, 15 9reater than the y1e1d 06ta1ned 6y d1rect exc1tat10n 0f the ph0t0chr0me. An upper 11m1t t0 the tr1p1et ener91e5 0f the 
5p1r0-0xa21ne5 wa5 e5ta6115hed. D1rect ev1dence f0r the tr1p1et 5tate wa5 0n1y 06ta1ned f0r a n1tr0-5p1r0-0xa21ne fr0m 10w temperature 
ph05ph0re5cence em15510n 0f 60th the d05ed and 0pen 16rm5. 

Keyw0rd5: Ph0t0chr0m15m; Ph0t05en51t12at10n; 5p1r0-1nd011ne-0xa21ne5; Camph0r4u1n0ne 

1. 1ntr0duct10n 

Ph0t05en51t12er5 are 1mp0rtant 1n 5evera1 a5pect5 0f ph0- 
t0chem15try [ 11.7hey have 6een u5ed t0 pr0v1de 1nf0rmat10n 
0n exc1ted 5tate pr0pert1e5 and ph0t0react10n mechan15m5 and 
t0 pr0m0te 0r 5e1ect ph0t0chem1ca1 react10n5. 7r1p1et 5tate5 
are the 6e5t cand1date5 f0r exc1tat10n ener9y d0n0r5. 7he 
eharacter15t1c5 0f a 900d tr1p1et 5en51t12er 1nc1ude a 10n9 tr1p1et 
11fet1me 1n 501ut10n at r00m temperature, a h19h 1nter5y5tem 
cr0551n9 y1e1d, 10n9-wave1en9th 51n91et a650rpt10n and a re1- 
at1ve1y h19h tr1p1et ener9y. Ary1 ket0ne5 p055e551n9 10we5t 
n,~* tr1P1et 5tate5 9enera11y fu1f11 the5e re4u1remen15. When 
a red 5h1ft 0f the exc1tat10n wave1en9th 15 de51ra61e, d1ket0ne5 
can 6e u5ed a5 5en51t12er5 [21. 

1n th15 paper, attent10n ha5 6een 91ven t0 the ph0t05en51- 
t12at10n 0f the ph0t0chr0m15m 0f 5p1r0-1nd011ne-0xa21ne5 
(50)  6y tr1p1et-tr1p1et ener9y tran5fer. 7he ph0t0chr0m15m 
0f 50  15 due t0 the ph0t0c1eava9e 0f the 5p1r0 60nd 0n UV 
1rrad1at10n t0 91ve the 0pen c010ured ph0t0mer0cyan1ne 
(PM) 5tructure wh1ch a650r65 1n the v15161e re910n. 1ntere5t 
1n ph0t05en51t12at10n wa5 5t1mu1ated 6y the pr05pect 0f 
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extend1n9 the wave1en9th ran9e t0 pr0duce the c010ured 
mer0cyan1ne f0rm t0ward5 the v15161e re910n. 

7he 1nv01vement 0f the tr1p1et 5tate 1n the c010ur-f0rm1n9 
react10n 0f 5p1ran1c ph0t0chr0m1c 5y5tem5 ha5 6een 1nve5t1- 
9ated prev10u51y [3-8]. F0r 50me n1tr0-5u65t1tuted m01e- 
cu1e5, a c0ntr16ut10n 0f a tr1p1et mechan15m t0 the d1rect 
ph0t0react10n wa5 f0und [3,8]. Ph0t05en51t12at10n 0f the 
react10n 6y tr1p1et ener9y tran5fer wa5 5ucce55fu1: 1n 50me 
ca5e5 the pr061em 0f eva1uat1n9 the 5en51t12at10n eff1c1ency 
wa5 4ua11tat1ve1y addre55ed 1n term5 0f••c010ura6111ty•• under 
f1xed c0nd1t10n5 [6,9,10]; 4uantum y1e1d data f0r the 5en51- 
t12ed react10n can a150 6e f0und 1n the 11terature [ 3,7 ], 

F0r 50me 505, 1nc1ud1n9 the m01ecu1e5 11~ve5t19ated here, 
the m01ar a650rpt10n c0eff1c1ent5 0f the meta5ta61e PM and 
the 4uantum y1e1d5 0f the c010ur-f0rm1n9 ph0t0react10n have 
6een determ1ned [11,12]. 7he k1net1c parameter5 (react10n 
rate and act1vat10n ener9y) and therm0dynam1c 4uant1t1e5 
(e4u1116r1um c0n5tant and entha1py) 0f the therma1 react10n 
have a150 6een 06ta1ned [12,13]. 8a5ed 0n the re5u1t5 
06ta1ned, 50me 9enera1 c0rre1at10n5 6etween the 5tructure 0f 
the5e m01ecu1e5 and the1r ph0t0chr0m1c and therm0chr0m1c 
pr0pert1e5 have 6een drawn. 

1n th15 w0rk, d1e p05516111ty 0f ph0t05en51t121n9 the ther0 
m0rever5161e 5 0 , ~  PM ph0t0react10n wa51nve5t19ated u51n9 
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camph0r4u1n0ne a5 5en51t12er and v15161e 119ht exc1tat10n. 7he 
4uantum y1e1d 0f the ph0t05en51t12ed react10n and the k1net1c 
rate f0r the ener9y tran5fer pr0ce55 were determ1ned. 7he 
re5u1t5 06ta1ned dem0n5trate that ph0t05en51t12at10n 15 very 
c0nven1ent: n0t 0n1y can the exc1tat10n ener9y 6e 5h1fted t0 
the v15161e, 6ut the react10n y1e1d a150 1ncrea5e5. 7he tr1p1et 
react1v1ty 0f the 505 can theref0re 6e eva1uated and an upper 
11m1t t0 the1r tr1p1et ener91e5 (E,r<215 kJ m01 - t )  can 6e 
e5ta6115hed. N0 d1rect ev1dence wa5 06ta1ned f0r 5 0  tr1p1et5, 
except f0r 0ne 0f the m01ecu1e51nve5t19ated, wh1ch exh161ted 
ph05ph0re5cence em15510n fr0m 60th the 5 0  and PM f0rm5 
1n a r191d matr1x at 10w temperature. 

2. Exper1menta1 deta115 

2./. Mater1a15 

7he ph0t0chr0m1c m01ecu1e5 5tud1ed (5upp11ed 6y 6reat 
Lake5 Chem1ca11ta11a 5,r.1.) w¢re 51x 505, w1th d1fferent ary1 
9r0up511nked t0 the 0xa21ne m01ety (naphth0, N; phenanthr0, 
P; 6¢n20, 8)  and/0r d1fferent 5u65t1tuent5 0n e1ther m01ety. 
7he 5tructure5 and 5ym6015 0f the m01ecu1e5 are 5h0wn 1n 
5cheme 1.1n the 5ym6015, the 5u65t1tuent5 0n the 1nd011ne 
and 0xa21ne m01et1e5 precede and f0110w re5pect1ve1y the 
601d 1etter repre5ent1n9 the aW1 9r0up. 7hey were prepared 
acc0rd1n9 t0 11terature meth0d5 [ 14]. 

7he 501vent methy1cyc10hexane (MCH) wa5 a rea9ent 
9rade Car10 Er6a pr0duct treated acc0rd1n9 t0 5tandard pr0- 
cedure5. 

Camph0r4u1n0ne (CQ) (A1dr1ch pr0duct) w05 cry5ta1- 
11~ed fr0m cyc10hexane and then 5u611mated 1n vacu0. Fer~ 
r0cene (A1dr1ch pr0duct) wa5 u5ed w1th0ut further 
pur1f1cat10n. 

7he 501vent5 u5¢d f0r the 10w temperature mea5urement5, 
EPA (ethy1 ¢ther1150pentan¢1¢than01; 5/5/2,  v/v) and EP1 

~N~Pr~P 

~ N  ~ C0~Me 

N¢C0~¢1 NfN0;) 

~ N ~ C 0 ~  
Ct1~ 

~N-E~6N 

5Cheme 1. 

(ethy1 ether/150pentane/ethy110d1de; 2/2/1,  v /v)  matr1ce5, 
were rea9ent 9rade Car10 Er6a (ethan01, ethy1 ether, ethy1 
10d1de) and F1uka (150pentane) pr0duct5. 

2.2. E4u1pment 

A650rpt10n 5pectra were rec0rded 0n a Perk1n-E1mer 
Lam6da 16 5pectr0ph0t0meter 0r a 8eckman d10de array DU 
7500 5pectr0ph0t0meter. 

C0rrected em15510n 5pectra were rec0rded u51n9 a 5pex 
F1u0r0109-2 FL112 5pectr0f1u0r0meter, c0ntr011ed 6y a 5pex 
DM3000F 5pectr05c0py c0mputer. 7he t1me-re501ved un1t 0f 
the 5~ctr0f1u0r0meter wa5 u5ed t0 1501ate the ph05ph0re5- 
cence 1•r0m the t0ta1 1um1ne5cence 5pectrum and t0 mea5ure 
the ph05ph0re5cence 11fet1me5 and ph05ph0re5cence 4uench- 
1n9.7he accuracy 1n the 11fet1me mea5urement5 wa5 e5t1mated 
t0 6e w1th1n 15%. 

A 250 W med1um pre55ure mercury 1amp, f11tered 6y 1nter~ 
fer¢nc¢ f11ter5 (A ~436 nm 1•0r the 5en51t12ed react10n and 
A ~ 366 nm f0r ~he d1rect react10n), wa5 u5ed f0r exc1tat10n. 
7he 1rrad1at10n 1nten51t), wh1ch wa5 c0n5tant dur1n9 each run, 
wa5 determ1ned u51n9 p0ta551um ferr10xa1ate act1n0metry 
(typ1ca11y, 10 °~ e1n5te1n dm ~-~ 5 ~ t). 

2.3. Mea5urement c0nd1t10n5 

2~ 3,1. Ph05ph0re5cen¢e 4uench629 mea5urement5 
Quench1n9 mea5urement5 0f the ph05ph0re5cence 1nten- 

51ty and 11fet1me 0f C6  were perf0rmed 1n deaerated MCH 
501ut10n5 c0nta1n1n9 the 5en51t12er ([CQ] = 1× 10 ~3 m01 
dm~ :~) and vary1n9 am0unt5 0f the 4uencher 
( [ 5 0  ] = 5 × 10 - 7 t0 5 × 10 - ¢• m01 dm - 3). 7he ph05ph0re5- 
c¢nc¢ 1nten51ty data were c0rrected f0r the f1u0re5cence em15- 
510n. 

Mea5urement5 0f ph0t0chr0me ( [ 50  ] = 5 × 10- .5 m01 
dm ~ ~) em15510n5 were can1ed 0ut 1n EPA and EP1 r191d 
matr1ce5 at 77 K. 

2.3. 2. Ph0t0k1net1¢ mea5urement5 
7he ph0t0k1net1c mea5urement5 w¢re carr1ed 0ut 1n deaer- 

ated MCH 501ut10n5 dur1n9 5teady 1rrad1at10n. 7he 119ht exp0- 
5ur¢ 0fthe 5amp1e ( 1 cm path 1en9th ce11, 1 cm 3 0f 501ut10n) 
wa5 carr1ed 0ut 1n the 5pectr0ph0t0meter h01der at r19ht an91e5 
t0 the ana1y515 119ht. 7he temperature wa5 c0ntr011ed 6y an 
0xf0rd 1n5trument5 cry05tat. 7he 5 0  c0ncentrat10n5 ran9ed 
fr0m 1 × 10- 5 t0 5 × 10- 5 m01 dm- 3 and that 0f the 5en51t12er 
wa5 3 × 10- ~ m01 dm- 3 c0rre5p0nd1n9 t0 0.05 a650r6ance 
at the exc1tat10n wave1en9th. 7he 1ncrea5e 1n PM a650r6ance 
wa5 f0110wed, dur1n9 5tat10nary 1rrad1at10n, at the a650rpt10n 
max1mum (550-620 nm), where the exc1tat10n wave1en9th5 
(436 0r 366 nm) d0 n0t d15tur6 the a650r6ance mea5urement, 
up t0 ph0t05tat10nary 5tate atta1nment. 1n the react10n 4uench- 
1n9 mea5urement5 6y ferr0cene, the exc1tat10n 119ht 1nten51ty 
wa5 c0rrected f0r the fract10n 0f 119ht ( A = 366 nm) a650r6ed 
6y the 4uencher [ 15 ]. 
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7he rate parameter5 0fthe r1n9-c105ure react10n (f1r5t-0rder 
k1net1c5) were determ1ned 6y f0110w1n9 5pectr0ph0t0metr1- 
ca11y the d15appearance 0f the c010ured f0rm 1n the v15161e 
re910n, aft.0r hav1n9 rem0ved the 1rrad1at10n 50urce, 

3. R,~u1t5 and d15cu5510n 

3.1. 7r1p1et-tr1p1et d0n0r-accept0r 1nteract10n 

CQ ha5 a11 the re4u1rement5 needed 10 6e a 5u1ta61e ph0- 
t05en51t12er [ 16] f0r 50:  very h19h (appr0x1mate1y un1ty) 
1nter5y5tem cr0551n9 y1e1d. 10n9 tr1p1et 11fet1me 1n f1u1d 501u- 
t10n (appr0x1mate1y 200/ .¢5)  and an 50••-* 5~ tran51t10n 1n the 
v15161e re910n (Am,x=472 nm 1n MCH) where ne1ther 50  
n0r PM a650r6. 1n F19. 1. the a650rpt10n 5pectrum 0f CQ 1n 
MCH 15 c0mpared w1th that 0f (N-Et)N. 7he tr1p1et ener9y 
0fCQ. mea5ured 1n f1u1d 501ut10n at r00m temperature. 15 213 
kJ m01-~ t M0re0ver, CQ p055e55e5 the rare (6ut n0t unc0m- 
m0n f0r d1ket0ne5) pr0perty 0f ph05ph0re5c1n9 (¢/~,~ 
3 × 10-~) 1n deaerated f1u1d 501ut10n at r00m temperaturc 
[ 16]. 7h15 a110wed the exc1tat10n ener9y tran5fer t0 6e f06 
10wed fr0m the effect 0f the accept0r c0ncentrat10n 0n the 
d0n0r ph05ph0re5cence. 7hu5 the rate c0n5tant f0r the 1nter- 
act10n wa5 determ1ned thr0u9h ph05ph0re5cence 1nten51ty 
4uench1n9 and 11fet1me 5h0rten1n9 mea5urement5. 7he t0ta1 
em15510n fr0m CQ 1n deaerated MCH 501ut10n at r00m tem- 
perature and the ph05ph0re5cence 4uench1n9 6y N(C02Me) 
are 5h0wn 1n F19. 2 .7he 4uench1n9 rat105 1°/1 were treated 
acc0rd1n9 t0 the 5tern-V01mer (5V) e4uat10n, 1°/1 = 
1 + k4•r°[ 50]  (F19. 2,1n5et), where 1 ° and 1 are the em15510n 
1nten51t1e51n the a65ence and pre5ence 0f the 4uencher, k4 15 
the rate c0eff1c1ent f0r the 5en51t12er-4uencher 1nteract10n and 
•r ° 15 the tr1p1et 11fet1me 0f the 5en51t12er. 7he 4uench1n9 rate 
parameter k4 wa5 a150 determ1ned 6y mea5urement 0f the 
d0n0r 11fet1me a5 a funct10n 0f the 50  c0ncentrat10n u51n9 
the appr0pr1ate 5V e4uat10n (¢01¢= 1 + k4~°[50] ), where 
~0 and ¢ are the CQ 11fet1me51n the a65ence and pre5ence 0~" 
5 0  re5pect1ve1y. Examp1e5 0f the CQ 11fet1me 4uench1n9 6y 
N(C02Me) are 5h0wn 1n F19. 3.51nce very 51m11ar k4 va1ue5 
were 06ta1ned 6y 60th meth0d5,1t can 6e 5tated that n0 1nter- 
act10n 6etween CQ and 5 0  0ccur5 1n the 9r0und 5tate. 7he 
4uench1n9 rat¢ parameter5 (/ca= ( 2 - 4 ) X  10 ~ dm "~ m01 -t 
5- t), wh1ch are rep0rted 1n 7a61e 1 (c01umn (a)) ,  are ahn05t 
d1ffu510n c0ntr011ed (kd~, = 10 t° dm ~ m01 ~ 5-~ t 1n MCH at 
25 °C). 7h15 1nd1cate5 that the 1nteract10n 15 ex0therm1c and 
theref0re the tr1p1et 5tate5 0f 50  accept0r5 are at a c0mpara61e 
0r 10wer ener9y than CQ. A5 expected f0r a d1ffu510n-c0n- 
tr011ed pr0ce55, the m01ecu1ar 5tructure 0f the 4uencher d0e5 
n0t apprec1a61y affect the k4 va1ue, 51nce the d1fference5 
detected were w1th1n exper1menta1 err0r. 

3.2. 5en51t12ed ph0t0react10n 

Exc1tat10n ener9y tran5fer fr0m CQ tr1p1et t0 50  tr1p1et5 
pr0m0te5 the r1n9-0pen1n9 react10n w1th the f0rmat10n 0f the 
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c010ured PM. A55um1n9 that the 6ack react10n 15 0n1y therma1 
[ 11,17 ], the 9enera1 rate 1aw f0r the f0rmat10n 0f PM 15 91ven 
6y [7] 

d[PM]/dt~-1504> D + 1c0~5- k,[ PM] (1) 

where 06 and 05 are the ph0t0chem1ca1 4uantum y1e1d5 0f 
the d1rect and 5en51t12ed react10n5,/50 and/c0 are the 1nten- 
51t1e5 0f the m0n0chr0mat1c rad1at10n a650r6ed 6y the 5p1r0- 
0xa21ne (50)  and the 5en51t12er (CQ) re5pect1ve1y and k~ 15 
the k1net1c parameter 0f the therma1 6ack react10n. 1n the 
a65ence 0f the 5en51t12er (d1rect ph0t0react10n), the 5ec0nd 
term 0n the r19ht-hand 51de 15 m1551n9, wh11e the f1r5t 15 m155- 
1n9 when 0n1y the 5en51t12er a650r65 the exc1tat10n 119ht. 

7he k1net1c e4uat10n 0f the c010ur-f0rm1n9 react10n 15 par- 
t1cu1ar1y 51mp1e f0r the d0n0r~accept0r 5y5tem5 under 1nve5- 
t19at10n, 51nce the exc1tat10n 119ht (A ~ 436 nm) 15 a650r6ed 
6y CQ 0n1y (F19. 1 ). 1t 15 theref0re c0n5tant 0ver the ent1re 
c010ur-f0rm1n9 pr0ce55 up t0 the ph0t05tat10n,,u•y 5tate: thu5 
the 1ntr0duct10n 0f a ph0t0k1net1c fact0r [ 11,18] 15 unnec- 
e55ary. 1n term5 0f the PM a650r6ance (ApM), the k1net1c 
e4uat10n 15 

dApM1df ~ epu1cQ ~5 " k A ApM ( 2 )  

where 4,M 15 the m01ar ext1nct10n c0eff1c1ent 0f PM and/c0 
can 6e expre55ed a5 a funct10n 0f the t0ta1 1nc1dent 119ht 10 
(e1n5te1n dm- 3 5- ~ ) and the CQ a650r6ance at the exc1tat10n 
wave1en9th AcQ, wh1ch 15 c0n5tant f0r the ent1re pr0ce55 
(1c0 = 10[1 -exp( -2 .3Ac0)  ]. 8ecau5e 0f the c0n5tancy 0f 
the term epM1c0~5, E4. (2) can 6e ea511y 1nte9rated 1n a 
c105ed f0rm. 8y 5eparat1n9 the var1a61e5, ApM can 6e 
expre55ed a5 a funct10n 0f t1me 6y 

~tm" ~ ( 1 - e +*••) + *••) kA ~ ApM~( 1 - e (3) 

where e~M1c0051k~ c0rre5p0nd5 t0 the 11m1t1n9 PM a650r6- 
ance ApM* at the ph0t05tat10nary 5tate when th~ rate 0f the 
f0rward ph0t05en51t12ed react10n 15 0utwe19hed 6y the rate 0f 
the therma1 6ack react10n, 7he PM a650r6ance (ApM), f01- 
10wed at the a650rpt10n max1mum (550-590 nm) dur1n9 
5 t e ~  1rrad1at10n 0f the 5en51t12er, f1t5 th15 m0n0-exp0nent1a1 
funct10n (F:4. (3)) we11, a5 5h0wn 1n F19. 4 (t0p curve) f0r 
N(C02Me). 8y 0t15 f1tt1n9 pr0cedure, the k~ va1ue wa5 
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t/5 
F19. 4, CQ ph0t05cn51t12ed e010ur-f0nn1n9 k1neUc5 0f N(C0~Me) dur1n9 
5teady 1rrad1at10n (~0,~ ~ 436 nm ), Fu1111ne5 repre5ent 6e5t f1t5 0fthe 0xp0r- 
1n~nta1 p01nt5 (5h0wn 1n the t0p curve). 

06ta1ned w1th 900d accuracy (c0rre1at10n c0eff1c1ent, 9reater 
than 0.98). 

A5 expected, a decrea5e 1n the 50 c0ncentrat10n 1ead5 t0 a 
decrea5e 1n the 11m1t1n9 a650r6ance va1ue at the ph0t05tat10n- 
ary 5tate (F19. 4), 6ecau5e 0f the reduced num6er 0f d0n0r- 
accept0r c0111510n5. At each 50  c0ncentrat10n, the 4uantum 
y1e1d wa5 eva1uated fr0m E4. (2), wh1ch repre5ent5 a 11near 
re1at10n5h1p 6etween the c010ur-f0rm1n9 rate (dApM1dt) and 
ApM, 6y extrap01at1n9 the c010ur-f0rm1n9 rate at 2er0 t1me 

~. (dApM/dt)r-.0 
~5= ~pM10[ 1 -exp(-2.3Ac0) ] (4) 

70 ca1cu1ate ~5, prev10u51y determ1ned epM va1ue5 [ 12] were 
u5ed. 7he 9raph1ca1 treatment 0f the data f0r 5evera1 50 
c0ncentrat10n5 1x 5h0wn 1n F19. 5.7he 510pe5 0f the 11near 
p10t5 9ave kA va1ue5. A1ternat1ve1y, the ¢P5 va1ue5 were deter- 
m1ned fr0m the pre-exp0nent1a1 term 0f E4. (3), 6y mea5- 
ur1n9 the 11m1t1n9 PM a650r6ance at the ph0t05tat10nary 5tate. 
7he • 5 va1ue5 06ta1ned 6y th,~ tw0 meth0d5 a9ree w1th1n 
exper1menta1 uncerta1nty ( +  10%). 7he kA vahm5 deter- 
m1ned a5 the 510pe5 0f the 5tra19ht 11ne5 0f E4. (2) (c0rre- 
5p0nd1n9 t0 th05e der1ved fr0m the f1tt1n9 pr0cedure) were 
8enera11y h15L..-r than th05e determ1ned after hav1n9 5w1tched 
0ffthe 1rrad1at1n91amp, and 9enera11y decrea5ed w1th 1ncrea5- 

K1aet~ ~ (~neJat1~a c0e1~f1~ent5) f0r tr1p1et-tr1p1et ener9y tran5fer fr0m ~CQ t0 505 and/0r PM5 06ta1ned 6y: (a) CQ ph05ph0re5cence 11fet1me 
5h0rtef11~ ( ~ m  tem0erature ); (6) 4uench1n9 0f 5en51t12ed react10n 4uantum y1e1d ( 280 K ); (c) 1ntercept 0f p10t5 fr0m E4. ( 8 ); ( d ) 510p0 t01ntercept rat10 
~ptm5 ~ e 4 , 1 5 )  

50 •:4 ( 10 ~ dm ~ m01 ""' 5 ~ • ) 
0 + + + + + + ~ .  

(a1 (6) (c) (d) 

(N-1~)1P 
N(C0~41¢) 
(Me)~8(d1.~m) 
N(N0~) 
(1~)~1(¢0¢t) 

3,8 (0,985) 
3,0 (0992) 
3,9 (0,998) 
2,3 (0,984) 
3,4 (0.984) 
3,5 (0,992) 

2.2 (0.998) 
3.9 (0.980) 
2.5 (0,998) 
2,4 (0.981 ) 
3.4 (0.987) 
1.5 (0.999) 

6.9 (0.997) 1,2 
3.9 (0.999) 1.4 
3.1 (0.993) 1,4 
4.4 (0.997) 0.7 
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F19. 5, C010ur=f0rm1n9 k1net1c data 0f F19.4 treated acc0rd1n9 t0 E4. (2). 

7a61e 2 
C0ncentrat10n effect5 0n the ph0t050n51t12ed react10n y1e1d, 4)5 and 61each- 
1n9 rate parameter ka f0r (Me2)11(d1. a2a) determ1ned at 280 K under d1f- 
feren1 c0nd1t10n5: (a) 5teady 1rrad1at10n 1n the pre5ence 0f the 5en51t12er; 
(6) after 5w1tch1n9 0ffthe 1rrad1at1n9 1amp 1n the pre5ence 0f the 5en51t12er; 
(c) 1n the a65ence 0f the 5en51t12er 

1 (Me)28(d1-a2a) 1 ~5 k,, (5 -~ ) 
( 10 -5 m01 dm -5) 

(a) (6) (c) 

1,47 0.57 0.026 0.0084 
2.45 0.67 0.021 0.0095 
3.92 0,70 0.017 0.0088 
6.37 0.80 0.017 0.010 

0.0086 

1 
,0. 

1.6 

1.4 

1.2 

1.0 

0.8 

1 1 1 1 

0 

0.6 1 1 1 1 * 1 • 

0 2 4 6 8 

[ 5 0 ] ~ 1 / 1 0 4  d m  3 m01 "1 

F19. 6. 5V p10t, E4. (5), f0r the CQ ph0t050n51t12ed react10n 0f N (C02Me). 

1n9 5 0  c0ncentrat10n. 7he effect 0f c0ncentrat10n 0n •5 and 
ka 15 5h0wn 1n 7a61e 2 f0r 0ne 0f the m01ecu1e51nve5t19ated, 

(Me)28(d1-a2a). 
7he 4uantum y1e1d data, 06ta1ned at d1fferent 5 0  c0ncen- 

trat10n5, f1t the 5V e4uat10n 

, ,( , )  
m = ~ . m  1 +  
• 5 r5v[501 

(5) 

f0r ph0t05en51t12ed react10n5 we11, wh1ch a110wed ¢~)511m, 1.e. 
the va1ue c0rre5p0nd1n9 t0 c0mp1ete ener9y tran5fer fr0m the 
CQ tr1p1et t0 50,  t0 6e extrap01ated a5 the 1ntercept, and the 
5V c0n5tant, K5v ( = k4•r°), a5 the 1ntercept t0 510pe rat10. An 
examp1e 0f the 5V 11near trend (E4. (5))  15 5h0wn 1n F19.6. 
A5 can 6e 5een fr0m 7a61e 1, the k4 va1ue5 06ta1ned are 1n 
900d a9reement w1th th05e der1ved fr0m ph05ph0re5cence 
4uench1n9 mea5urement5. 7h15 c1ear1y 1nd1cate5 that the 
ener9y tran5fer pr0ce55 15 re5p0n5161e f0r 60th the ph05ph0- 
re5cence 4uench1n9 and react10n 5en51t12at10n. 7he •/)511m va1- 
ue5, determ1ned 1n deaerated MCH 501ut10n5 at 280 K, are 
c0mpared w1th the d1rect react10n 4uantum y1e1d5 ( ~0  [ 12 ] ) 
1n 7a61e 3, where the ka va1ue5 determ1ned at the 5ame tem- 
perature are a150 rep0rted. A5 can 6e 5een fr0m 7a61e 3, the 
4~5"~" va1ue5 are fa1r1y h19h an:  are 9reater than 4~9. 1t can 6e 
c0n51dered that the 11m1t1n9 5en51t12ed 4uantum y1e1d 15 un1ty 
f0r a11 the m01ecu1e5 1nve5t19ated; ~5~" va1ue5 1ar9er than 
un1ty, f0und 1n 50me ca5e5, are due t0 mea5urement uncer- 
ta1nt1e5. 

7he effect 0n the 61each1n9 parameter 0f the pre5ence 0f 
CQ and 1t5 dependence 0n 5 0  c0ncentrat10n (7a61e 2) can 
6e attr16uted t0 1nteract10n 0f the meta5ta61e PM w1th e1ther 
the CQ 9r0und 5tate 0r CQ tr1p1et 5tate. 1nteract10n w1th 3CQ 
15 0perat1ve 0n1y 0n 1rrad1at10n, wherea51nteract10n w1th the 
9r0und 5tate 5en51t12er can 6e 1501ated 6y mea5ur1n9, 1n the 
dark, the dec010urat10n 0f prev10u51y 1rrad1ated 501ut10n5 1n 
the pre5ence and a65ence 0f CQ. 51nce the d1fference5 
6etween the rate e0n5tant5 mea5ured under the tw0 c0nd1t10n5 
(a65ence 0r pre5ence 0f CQ) are w1th1n the mea5urement 
uncerta1nty (:1:10%), the PM--CQ 1nteract10n, 1f any, cann0t 
6e detected exper1menta11y. 

C0n51der1n9 the 1nteract10n 3CQ + PM, wh1ch 15 pre5ent 
0n 1rrad1at10n, the expre5510n f0r the exper1menta1 rate va1ue 
(ka(a) ,  1.e. c01umn (a) 1n 7a61e 2) 15 91ven 6y 

ka(a) = k~113CQ] + k a ( 6 )  (6) 

where k4 repre5ent5 the 61m01ecu1ar rate parameter 
(3CQ + PM 1nteract10n). 8y  app1y1n9 the ph0t05tat10nary 
5tate appr0x1mat10n t0 3CQ, E4. (7) 15 06ta1ned 

ka(a) = 1c0k~1~°/(1 + k47°[ 50]  + k~r°[PM]) + kA(6) (7) 

where kA (6) repre5ent5 the m0n0m01ecu1ar 61each1n9 param- 
eter 06ta1ned 1n the dark and k4 and k~ are the rate parameter5 

7a61e 3 
L1m1t1n9 y1e1d5 (05 "m) f0r the 50 ,,-, PM react10n ph0t05en51t12ed 6y cam- 
ph0r4u1n0ne 1n MCH. c0mpared w1th the 4uantum y1e1d 0f the d1rect ph0- 
t0reaet10n (•t,). and 61each1n9 rate parameter5 (ka) at 280 K (va1ue5 
avera9ed 0ver f0ur 50 c0ncentrat10n5) 

50 ~5""~ •,, ka (5 - ~ ) 

(N-Et)N 1.2 0.46 0,037 
( N-Pr)F 0.8 0.51 0,029 
N(C62Me) 1.3 0,35 0,068 
( Me ) 28( d1-a2a ) 0.87 0,17 0,009 
N(N02) 0.94 1,10 0,012 
(Me)2N(C0Et) 0,91 0,14 0.013 
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f0r aCQ 4uench1n9 6y 50 (5ee 7a61e 1 ) and PM re5pect1ve1y. 
C0n51der1n9 that the PM tr1p1et ener9y 15 5ure1y 10wer than 
the CQ tr1p1et ener9y, a d1ffu510n-c0ntr011ed rate can 6e 
expected f0r the1r 1nteract10n. 7hu5 6y rearran91n9 E4. (7) 
and c0n51der1n9 the appr0x1mat10n (k~- k4 = 0), E4. (8) 15 
06ta1ned 

11 [kA(a) - k~(6) ] 
t - - 0  f m ( 1/1¢(~,r0) ( 1 +k4~°[50] +k4~ tPM] ) 

= ( 1 /1¢~.0)  [ 1 + k41"°(c0- [PM] ) + k~7°[PM] ] 

- (  1 / 1 c ~ ° )  [ 1 +k47°c0 + (k~- k,~) ~°[PM] ] 

= (1//cQ~7°)(1 + k4~°c0) (8) 

1f the a55umpt10n5 are c0rrect, a 5tra19ht 11ne 5h0u1d 6e 
06ta1ned 6y p10tt1n9 1 / [ ka(a) - kA(6) ] a9a1n5t the 1n1t1a1 
50 c0ncentrat10n c0, and the/~ va1ue, 91ven 6y the 1ntercept 
(rec1pr0ca11ntercept d1v1ded 6y 1cQ1"°), 5h0u1d appr0ach the 
k, va1ue 06ta1ned fr0m the 510pe t0 1ntercept rat10, A5 5h0wn 
1n F19, 7 f0r N(C02M0), the 11near1ty 15 very 900d (c0rre- 
1at10n c0eff1c1ent, 9reater than 0,99); th15 0ccur5 w1th f0ur 0f 
the m01ecu1e51nve5t19ated, 6ut 11near1ty c0u1d n0t 6e detected 
w1th (N-Pr)F and (N-Et)N. 7he 4uench1n9 rate parameter5 
06ta1ned are c0mpared 1n 7a61e 3, 7he1r 51m11ar1ty and c105e- 
ne55 t0 the d1ffu510n-c0ntr011ed va1ue c0nf1rm that the 
a55umpt10n5 are rea50na61e, 

3,3, Ph05ph0re5cence em15510n mea5urement5 at 77 K 

Due t0 eff1c1ent c0mpet1t10n fr0m the 0pen1n9 react10n 1n 
the 51n81et 5tate, f1u0re5cence em15510n fr0m the 505 15 9en- 
era11y very weak 0r c0mp1ete1y undetecta61e, F1u0re5cence 
fr0m the PM5 ha5 6een 065erved at 10W temperature ( 220 K) 
[ 19] and 1n a r191d matr1x at 77 K [20]. L1tt1e 1nf0rmat10n 
can 6e f0und 1n the 11terature 0n the ph05ph0re5cence em15- 
510n 0f 505 and PM5, Ph05ph0re5cence em15510n5 have 6een 
rep0rted f0r 50me n1tr0-5p1r0pyran5 [21] and n1tr0-5p1r0- 
0xa21ne5 [ 22], 

1n 0rder t0 065erve tr1p1et 5tate em15510n, 505 were ana- 
1y5ed 1n a r191d EPA matr1x at 77 K. Under the5e c0nd1t10n5, 

f0r N ( N 0 2 )  0n1y, the ph05ph0re5cence em15510n 0f the 
c105ed f0rm wa5 detected. 7he we11-5tructured 5pectrum 
06ta1ned 15 111u5trated 1n F19. 8 (Ac,,~ = 366 nm. • m5 de1ay 
t1me) t09ether w1th the c0rre5p0nd1n9 exc1tat10n 5pect.••um 
(Acm = 543 nm) wh1ch repr0duce5 th~ 50 a650rpt10n we11. 
7he em15510n 15 a5519ned t0 ph05ph0re5cence 6ecau5e 0f 1t5 
11fet1me (5--6 m5) and 5pectra1 p051t10n (tr1p1et ener9y, 220 
kJ m01- ~ ). 5urpr151n91Y, th15 ener9y 15 5119ht1y h19her than 
that 0f the CQ 5en51t12er mea5ured under the 5ame c0nd1t10n5 
(215 kJ m01-1); 1t wa5 expected t0 6e 50mewhat 10wer t0 
acc0unt f0r the d1ffu510n-c0ntr011ed 4uench1n9 rate. H0w- 
ever, 501vent re1axat10n at h19her temperature (wh1ch 15 very 
10w f0r CQ [ 16] ) can affect the d0n0r and accept0r tr1p1et 
ener91e5 d1fferent1y, thu5 fav0ur1n9 the ener9y tran5fer fr0m 
CQ t0 50 at r00m temperature. 

F0r the 0ther ph0t0chr0m05, 0n1y the f1u0re5cence 0f the 
ph0t0chem1ca11y pr0duced PM5 c0u1d 6e detected. Attempt5 
t0 p0pu1atc the 50  tr1p1et 5tate 6y CQ (5 × 10 -3 m01 dm -~) 
5en51t12at10n 1n an EPA matr1x at 10w temperature 1n 0rder t0 
065erve the ph05ph0re5cence em15510n, 0r t01nduce 1nter5y5- 
tem cr0551n9 6y the externa1 heavy at0m effect (EP1 matr1x), 
fa11ed. 0n1y w1th N(N02) wa5 the ph05ph0re5cence em15510n 
0f the 0pen f0rm 065erved 1n an EP1 matr1x. F0r th15 PM, 
wh11e 0n1y f1u0re5cence c0u1d 6e detected 1n an EPA matr1x, 
a re1at1ve1y 10n9-11ved (~ff1 10.3/t5) em15510n appeared 1n 
60th the a65ence ( A~,: - 600 nm) and pre5ence ( A0x~ = 470 
nm) 0f CQ 1n an EP1 matr1x. 1n the fatter ca5e, the em15510n 
wa5 5en51t12ed 6y CQ, 51nce PM d0e5 n0t a650r6 the exc1tat10n 
119ht: 5en51t12at10n 0ccurred 6y a tr1v1a1 pr0ce55 (re-a650rp- 
t10n 6y PM 0f the CQ em15510n), 51nce the CQ 11fet1me 
rema1ned unchan9ed (7 ° = 1.6 m5 at 77 K). 8ecau5e 0f the 
6ath0chr0m1c 5h1ft 0f the ph0t0chr0me em15510n w1th re5pect 
t0 f1u0re5cence and 1t5 11fet1me, 1t wa5 a5519ned t0 the ~r,~* 
tr1p1et 5tate 0f PM. 7he ph05ph0re5cence em15510n 0f 
N ( N 0 2 )  1n EP1, t09ether w1th 1t5 f1u0re5cence and f1u0re5- 
cence exc1tat10n 5pectra 1n EPA, 15 5h0wn 1n F19. 9. 1n th15 
m01ecu1e, the PM tr1p1et 5tate 15 p0pu1ated 6y 1nter5y5tem 
cr0551n9 and the rad1at1ve pr06a6111ty 15 enhanced 6y the 
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F19. 8. Ph05ph0re5cence exc1tat10n ( 1 ) and ph05ph0re5cence em15510n (2) 
5pectra 0fthe c105ed f0rm 0f N(N02) 1n an EPA matr1x at 77 K. 
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F19. 9. F1u0re5cence exc1tat10n (1) and f1u0re5cence em15510n (2) 5pectra 
1n an EPA matf1x and ph05ph0re5cence em15510n 5pectrum (3) 0f the 0pen 
f0rm 0f N(N0~) 1n an EP1 matr1x at 77 K. 

externa1 heavy at0m effect; f0r the 0ther m01ecu1e5, the e×ter- 
na1 heavy at0m 15 una61e t0 1nduce 1nter5y5tem cr0551n9 and 
there16re ph05ph0re5cence wa5 n0t 065erved. 

3.4. Ph0t0react10n 4uench1n9 

Ph0t05en51t12at10n mea5urement5 c1ear1y 5h0w that the 
0pen1n9 react10n 0ccur5 ea511y fr0m the tr1p1et 5tate, wh11e 
0D va1ue5, 10wer than •5, may 6e due t0 e1ther n0n-un1ty 
1nter5y5tem cr0551n9 (tr1p1et mechan15m 0r m1xed mecha- 
n15m) 0r t0 c0mp1ete1y 1neff1c1ent 1nter5y5tem cr0551n9 (pure 
51n91et mechan15m). 7he 5eareh f0r the tr1p1et em15510n 
de5cr16ed a60ve 5eem5 t0 1nd1cate that 0n1y f0r the n1tr0 
der1vat1ve 15 a tr1p1et mechan15m re11a61e. 70 06ta1n further 
ev1dence a60ut the exc1ted 5tate re5p0n5161e f0r the r1n9- 
0pen1n9 pr0ce55, ph0t0react10n y1e1d mea5urement5 were car- 
r1ed 0ut 1n the pre5ence 0f a 10w ener9y tr1p1et 4uencher, 
ferr0cene (Er--" 163 kJ m01- ~). U51n9 ferr0cene c0ncentra- 
t10n51n the ran9e 10-4-10 - 2 m01 dm- 3 and d1rect1y exc1t1n9 
50  w1th 366 nm 119ht, ph0t0react10n 4uench1n9 wa5 hard1y 
detecta61e and 0n1y w1th the n1tr0 der1vat1ve. 7reat1n9 the 
4uantum y1e1d data 0f the 4uenched and un4uenched react10n 
acc0rd1n9 t0 the appr0pr1ate 5V e4uat10n wa5 unre11a61e, due 
t0 the 5ma11 4uench1n9 rat10 mea5ured even w1th the h19he5t 
4uencher c0ncentrat10n5 atta1na61e ( 10-: m01 dm- 3). 8y 
a55um1n9 d1ffu510n-c0ntr011ed 4uench1n9 6y ferr0cene, the 
tr1p1et 11fet1me 0f N(N02) 1n f1u1d 501ut10n c0u1d 6e 4u0ted 
appr0x1mate1y 0n the nan05ec0nd t1me 5ea1e. 7he 5ame 0rder 
0f ma9n1tude ha5 recent1y 6een determ1ned fr0m 1a5er f1a5h 
ph0t01y515 mea5urement5 [ 23 ]. 

4. C0nc1u510n5 

7he re5u1t5 0f th15 w0rk 5h0w that ph0t05en51t12at10n 6y 
CQ 0f the c010ur-f0rm1n9 react10n 1n the 50 ~ PM 5y5tem5 
15 very eff1c1ent, re9ard1e55 0f the ph0t0chr0me 5tructure. 7he 

4uantum y1e1d 0f the ph0t05en51t12ed pr0ce551ncrea5e5, c0m- 
pared w1th the d1rect ph0t0react10n 4uantum y1e1d, and tend5 
t0 un1ty. 7hu5 c010ura6111ty 1ncrea5e5. 51nce the ph0t05en51- 
t12ed react10n 0ccur5 exc1u51ve1y v1a the tr1p1et 5tate, wh11e 
the d1rect ph0t0react10n 0ccur5 6y a 51n91et mechan15m 
(except f0r the n1tr0 der1vat1ve), 1t can 6e 5tated that 50 
tr1p1et5 p055e55 a 0ne-way deact1vat10n t0 PM, wh11e a certa1n 
percenta9e (50%-80%) 0f 51n91et exc1ted 5tate5 6ack re1ax 
t0 50. F0r N(N02), the except10na11y h19h •D va1ue a150 
5upp0rt5 a tr1p1et react10n mechan15m 0n d1rect exc1tat10n. 

1n add1t10n, ph0t05en51t12at10n w1th CQ extend5 the A ran9e 
f0r pr0duc1n9 the c010ured mer0eyan1ne f0rm t0ward5 the 
v15161e, wh1ch 151mp0rtant fr0m an app11cat10n p01nt 0f v1ew. 

H0wever, the pre5ence 0f the 5en51t12er a150 pr0m0te5 add1- 
t10na1 react10n5 wh1ch, 1ncrea51n9 the apparent 61each1n9 rate 
c0n5tant, tend t0 10wer the c010ura6111ty. 7h15 effect wa5 
undetecta61e 1"0r (N-Et)N and (N-Pr) F. M0re0ver, the 1nter- 
act10n 0f tr1p1et CQ w1th PM may a150 deerea5e the dura6111ty 
0f the ph0t0chr0me. De9radat10n 0n ph0t05en51t12at10n 0f the 
ph0t0chr0m15m 0f 50me 5p1r0-0xa21ne5 6y u51n9 9reater c0n- 
centrat10n5 0f 60th the d0n0r and accept0r and pu15ed exc1- 
tat10n ha5 a1ready 6een rep0rted 1n the 11terature [9]. Under 
0ur exper1menta1 c0nd1t10n5, th15 1nc0nven1ence, wh1ch ha5 
prev10u51y 6een revea1ed u51n9 0ther 5en51t12er5 (61acety1, 
6en20phen0ne) [7], wa5 n0t detected w1th CQ, 6ut may 
p055161y 0ccur after 5evera1 1rrad1at10n cyc1e5. 
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