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Laser flash photolysis study of the phase transition effect on the kinetics 
of triplet-triplet annihilation of tetraphenylporphine in n-decanol 
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"[hc kinetics o f  t r ip le t - t r ip le t  annihi l : l t ion o f  tetraphcnylporphinc (1 PPI in n-dccanol was 
st|idled by 11411osCColld laser flash photolysis wi th I l lOll i lOll i lg o f  the transient ; ibsorp l ion mid 
COilC()llllii!lll delayed i]tlorc~,dOllCC, ill the tcmpt21;lltirt2 iallgC i'roni IfJl) [o - I 0 0  ':C. The 
frcczinLz of ' the ~,OILltion restihs m more |h4il ion(o ld accclOlaliOll o l ' thc pl'OCCSS wi th in  ihc sanlc 
rcaclion itlt,'chdlliS;lll. It Js supposed that the phn'4c transition i:, 4ct;Oillp;lnJcd i3v the coiidCiltr;l- 
lion of the I"PP rrlolcculcs in delL'el regions of the polycrys,,alline siructul-c of lhc froz,,'ll 
alcohol. Thc,;c domains haw a hCmlogcnc'ous n:lturc and ,ire characlcrized by a high 
illulcculur niobi[iiy. 

Key words: laser photoly',):,. Irq)Ict-triplcl annihilation. |clr:q'fflcn}lporphinc, /I-dcc:.lllOl. 
p h4-.c I rtlllM1 Jell. 

Phase IrLmsitions from the l iquid to solid state arc 
usuall) a c c o m p a n i e d  by a substant ia l  restr ict ion o f  the 
m(flccular rnobil i ty  and a d ramat i c  rctardatiop, o f  bimo-  
Iccular processes .  Hov, c~,cr, in i'll:.llly cases where ;.iqtlr 
ous s()hHions of  hbdrophohic  o r g a n i c  substances were 
tro/,cll, LlCCeiCl'.:ltiOll lal~,lcr [hLIll r e t a r d a t i o n  o f b i m o l c c u -  
lar r eac t ions  bcp.vccn dissolved organ ic  reactants  win, 
I~.mnd. l 4  It has bccn assumed -s that  dr | r ing ice cr3s;lal 
format ion  the  molecules  of  dissolved organic  5;iJbsla)lcc 
can he c o n c e n t r a t e d  in the space be tween  microcrystals,  
which lhci l i ta tes ,  in particular,  aggregat ion.  However,  it 

i~as been reported {' that the concentration itsclf is not 
enough for qmlntitativc description of thc inlluencc of 
frccziug on hydrolytic rcactions. Similar effects in or- 
ganic so lven ts  are poorly s t u d i e d  For  example,  it has 

bccn sho,.vn 7 tha t  t rans i thm from liquid to solid n-decant 
is a c c o m p a n i e d  by thc accelerat ion o f  photo isorner iza t ion  
due to. mos t  likely, an increase in tile free volume of  the 
med ium d u r i n g  phase t ransi t ion.  Numero t i s  studies of  
the de layed f luorescence  (DF)  that  appea r s  during b imo-  
lccuh|r  t r ip le t - t r ip le t  ann ih i l a t ion  (TTA.) in solids arc 
available, 8 but  the nlechamsn~ of  this  phenomenon re- 
mains unc lea r .  

In this  work,  we stqdicd the kinet ics  of  TTA of  
t e t r a p h e n y l p o r p h i n c  (TPP)  i|t n - d c c a n o l  (DC)  in the 
t e m p e r a t u r e  range from 100 to - 1 0 0  ~ by direct mon i -  
toring wi th  the use of n a n o s e c o n d  laser pho to l ys i s ,  

recording b o t h  the t ransient  abso rp t ion  and delayed 
f luorescence ,  and fbur.,d a substant ia l  acce le ra t ion  of the 
process u p o n  freezing of  the so lu t ion .  TTA is a well- 
studied b i m o t c c u l a r  photophysJcal  process ,  which in most 
cases is c o n t r o l l e d  by dillusion and easily pcrfi)rmed 
| ruder  in t ense  laser irradiat ion.  The  T T A  kinetics can be 
mon i to red  by the  concen t r a t i on  of  t r ip le ts  and also by 

the  characlcr is t ic  DF because  the general  mechan i sm of  
rT,*\ (Schcnlc  l) illcludcs (with the spin-stat ist ical  v, cigi~t 
I / 9 )  t r i p l e t - t r i p l e t  ene rgy  t r a n s f e r  to f o r m  the excited 
singlcI s t a | c )  l 

Scheme I 

T -~" T ,~ '(T,T) ). So 4- Sl {r l,,,/'9) 

T + T ,.- 3(T,T) ,.- S O ) T (kFi,\/3) 

S I ~ S O +- h v  (]'iT) 

S! ,- T I(,~) 

Sn is ground ,;inglet state. 
S I J~, c~;cilcd smglct state. 
1- is excited lriplct siatc, 
Jql i,, radialivc Iranxltitul ( i l t torcsccncc) r;lic COIIST{Illl. 
'~c j:" illtt?r:,.yMcm cr'o':.;:,,Irlg l':,ltc COllS[{III|. 

Experimental  

The nansicnt absorpt ion ~pccml :rod dcca} kJllCtics o f  h l lc f -  
mcdiaics wore ~;tudJcd by a la~cr flash pho[olys)s lcchniquc v, ith 
a dye laser (X = 415 nm. pulse dura t ion  0.5 ns. energy dcm, ity 
on lhc sample <_30 nlJ m -2)  pumped by an N~ laser. 9 -[hc 
sol t l l ion mldcr stud,. wa.,, placed in a I - ram ceil. r h r  cxd lh lg  
laser beam and lighi from a mon i l o r i ng  lamp wcrc direclcd at an 
allglc O|'--90 ~ to the plane Or" the cell wlth a divcrgcllcc o f  5". 
Fluorc~ccncc was detected from the side of [he exciting pul,~c at 
an angtc ~)1" 7fl <'. Kinetic curves w.ere averaged by 12~ laser 
/lashes. 

n-Dccanol (reagent grade) was additionally purified by 
ZOIIC Slll/21tJllg Lllld freezing to remove adrllJx.ttlrc.k with a lower 
fl'cczing tenlpcraturc. The phase lransifion of puriticd DC from 
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ihc liquid to polycryqalline slate occtirred all 7 ~ l"PP was D 
purilicd b,,, rccra'slalliz.alion from 1)C. The lifctirne of 3TPP ill :l !).5. 
stlt t tralcd [--I �9 10 -4 nlol  I. --1 ;.it 20 ~ dcoxygcl latcd sol t l I io l l  tit" 
lhe lhti~, pt ir i l ied I PP in O ( ; .  under lhe Cnl ldi t ions o f  weak 
Ici>,cr p l l l l l p l l l g .  ~,',,i?, tip tc';.I.--;l 0 . 5  tll~,. / \ i f  w{iN iCillOVCd l]'ofll tilt. 0 .4  2 
S~.LII/plCS bv evtlctitl l iOll. " f i le l{211ll)Cl-;lttll'C tit" Ihc Stllilpic?, WilS 
IllealSilrt 'd by :.1 [hcl-I l lOcOuplr  

R e s u l t s  a n d  D i s c u s s i o n  

] h e  photoexci lat ion or" TPP ( 1 - t 0  -a e e l  L - t )  in 

liquid DC results in the f o rma t ion  o f - " T P P  with the 
chclracteristic absorption spec t rum wilh a maxif l l t lnl  at 
-440 nm. 10 .4 compar i son  of  the maxJmtinl t ra l ls ienl  
absorbance at 440 nrn (0.3) measured immediately after 
a Iascr pulse under intense laser pumping to the absor- 
bancc oF the  hliliat solut ion :it tile Sorer band max imum 
at 416 nm (3.5) shows ( tak ing  imo  4ccouni the k l l own  
c•  cocf l ic icnts)  tha i  t ip [o 50% ] P P  in the 
react ion zorie ix trai lst~)r l l lcd i l l to  the tr ip let  sU.tlC under  
the exper imenta l  cond i t ions ,  l~  The decay o f  3TpP in the 
deo• solution t i n d e r  s t rong  laser pumping oc-  
curs with a chclracteristic t ime of  I!)U ItS and rigidly 
follov<s tile second-order  law (Fig. 11. The c o n m b u l i o n  
o f  n~onocxponential deac t iva t ion  occurring with a char-  
tictcrisiic time _>0.5 Ills t inder  strong laser pumping is 
negligible. According to the kinetic Scheme I, 

-d lTt /d t  = 12/9 ~- 1/31k I r,d'rl-' - k,JS~t. I l l  

-d lS l l /d t  = -( 9)ki-r.xlT] ? + IS;l/v,. ~21 

Here "r s is file lit'crime of  S I ( q  = kll - '  /':,c), which ix 
12 ns lbr TPP in DC. S ince  ,:, is substantially shorter  
than the lifetime of  3TPP under  tile experimental  condi -  
l ions, the steady-state approximat ion  dlgll , idz = 0 is 
acceptable. Then the cft 'cctivc rate constant o f  3TPP 
decay (ke!i-) can bc ca lcu la ted  by the formula 

/Qi! = (5 - ~pl },t. l-i,\/t), (3} 

where ~T = kic'k is t i le q t i an t t lm  yield o f  ~TPP. The ken. 
ix 2.5" If)" L m o l  - i s  - I  at 20 <'(7, which corresponds to 
kTr  A --:- 5.1 �9 10 x I.. e e l  - l  s I ttpT _- 0,6) i0 co inc id ing  
wi t l l  the rate COllStS.llll o r  the d i f fus ion-con t ro l led  reac- 
t ion (for DC :it 20 ~ viscosity Iq) is 13 cP il  alld 
kuiir = 8RY/3OOOrl = 5 - l 0  s L rnol - I  s- i ) .  

TTA is accompanied  by D r ,  whose spectrum almost 
coincides  with that o f  fast f luorescence and conta ins  two 
pronounced bands :it 650 and 720 nm.iq The intensity of  
DF  ([DF(t)I is propor t ional  to tlle squared conccn tn i t ion  
of  3TPP (see Fig. 1), which  indicates that it appears 
during TTA. According to S c h e m e  I, in tile steady-state 
approximat ion thc D F  kinet ics  is described by the 
c q u a t i o l l  

ti)F(I) = ksliSl] = %1( , / g i k l t  ~.l'Y] 2 = 
= lt)F(t =: 0)/'(I -t- k~ilTlj)2, (4) 

where q)il = kll~:~ is the q u a n t u m  yicld o f  TPP f luorcs- 
ccncc, ITI~ is the in i t ia l  concent ra t ion  o f  ;TPP,  and 
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Fig. I, Kinetic curves of tile disappcclrance of the tr;tilsicnt 
: ibxorp l ior l  :it 440 i lm il l ;111 / i -decuIIOI so l t l l iOn o f  I 'PI > 
( l "  10 -4  re(l[ L i t  at 20 ~ (1) :llld dl: iayed tltlOlCSCL'llCC dec<l) 
ai 721i nll l  4t - ' )0  (2) and 20 o(. (.?). -Irhc. lille.< arc lhc rcstt!l e l  
f i I l ing to the >,CColld-ordt.'r cql.l<liioil 311d l~.:,l'llltlla t,4), Ic'spcm 
tiv01y. 

/i)l-(t = O) = ol~(l/O)krTAlTl~" is the initial D F  intcnsiLx. 
The use o f  Eq. ~'4) For die :ippro,:imzlfion o f  the expcri-  
mr k inet ic  curves o f  DF <_,i~cs the k~.nlTl . values, 
which ahnusl co inc ide  w i th  s imi lar  values ob ta ined  by 
the corresponding approximat ion of the kinetic c u ~ c s  of" 
~TPP decay. 

An imporlcint quanti tat ive characteristic of  D F  is the 
ratio }l)F/YPF. where YDF alld YPF :ire the illtcgral 
anloti i l tS Of photo i ls  (ll'iC surface areas under  the co l r c -  
spending kinetic curves) cmiltcd durmg delayed and 
prompl f l t iorescenec (PF) ,  respectively. The mc4surcd 
values of  )/Df/YpF reach 15%, which almost co inc ides  
with that expected in the framework of  the kinetic 
Scheme I ~ YDF/YpF = g-r/(5 - ~9"r) = 0.14). Such a good 
correlat ion between the experimental  and ca lcula ted  
parameters indicates that TTA in DC solutions o f  T P P  is 
in comple te  agreement  with the kinetic model.  

An increase in the tempcraiurc of" a DC solut ion of  
TPP  is accompanied  by acceleration of  TTA and l)r: 
and, correspondillgl_~, /i-)flt' = (i) increases. The  tem- 
perature plot M ken-in the 8--100 ~ range is described 
b v the Arrhcnius  law with an act ivat ion energy of  
7.3 kca lmo l  1 (Fig. 2). which is close to that o f  the 
viscous llow of DC t'6.3 kcal e e l - i )  II and also indicaies  
that TTA is control led  by diffusion. The yield o f  the 
triplet state of  T P P  and z s, YPF- and FI)F/YPF are almost  
independent  of  the temperature  o f t h e  solution. 

A decrease in the temperature  o f  the solut ion to 5 ~ 
restllts in the freezing of  DC ;rod formation o f  a light- 
scattering layered polycrystalline structurc. l ' h e  param- 
eters of  prompt f luorescence "t s and YPF measured  by the 
diffuse reflectance mode  almosI coincide (only a slight 
increase in YpF of  at most 20% is observed) with those 
for the liquid soluti(m and, as in the liquid solut ion,  they 
are ahnos! t empcra ture - indepcndent  down to - 1 0 0  ~ 
Thus. we may conc lude  that tile photophysical  param-  
eters of  T P P  remain unchanged oil going from the liquid 
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Fig. 2. Tci]il)cr;.ltLuc plot el"the cf1"cctivc rat<: coristant o f l - l A  of 
a ,.olulion of tcir4pheriylporphinc I I - 10 -1 eel  L - I )  hi n-dcc:inol 
ill the ,,\rrhoilim, coordh~w,.'~,. 

DC solution to the frozen solutiol]. This also afl]rnls that 
tile total ~.imotmt ot  ~TPP in tile reaction zone docs itol 
signillcalltty change,  aud TTA del:ly shtiuld be cxpccicd 
dtle to the restrictions o1' ll~e i l lo lecular mobi l i l y  in 
crystals as compared  It) liquid. Note that }'l)l:i }el'l: rc- 
m4hL', v ir tual ly unci~angcd upon DC freezing and, as il l 
l iquid DO, is il~dcpcndcnt or lhe temperature of  the 
lro.,',eil solut ion,  indicating :,111 tlnChallged mcci]anism 
of TTA. 

At the same time, DC freezing results in lhe sharp 
:lcccleralion of  Ihc DF decay and the corresponding 
incrcasc in /DF(r = 0), Moreover.  the further decrease in 
the temperature  to --20 ~ is accompanied  by further 
acceleration of  the DF decay and the corresponding 
increase in lf)F(r = 0). Figure 2 presents the tcnlpcrature 
plot of  ke! r in the range from +5 to - 1 0 0  ~ obtained by 
approximt l i ion of  the kinetic cui~es of DF from formula 
(4) tlSillg the \';litlC of  ITI. ill tile liquid soh.ition, ,ahich 
was corrected to the corrcsptmding change in YPF- Equa- 
tiol~ (4) describes lhc [)F kinetics h'~ the frozen solution 
as el'fcciivcly as lilac in the liquid solution. The kci l value 
at - 2 0  ~ exceeds nlorc than leflfoid the corresponding 
,,a!ue measured at 10 ~ At temperatures below - 4 0  ~ 
the temperature  function ol'/,:r takes the Arrhenius form 
with an acti , ,ation energy of  8.g kcal mol - I  (see Fig. 2 ) ,  

which only siightl$, exceeds the value iri the l iquid s, o iu-  
l ion, The direct ion and rate of  tile tempcraturc change 
and the freezing velocity have no noticeable effect on 
both the qual i tat ive and quantitative parameters  of the 
tenlpcraturc plot. The k,q r values obtained by gradual 
dccrcasc in the temperature of  the system coincide  with 
those nlcasurcd at t:asl freezing to tile specified tempera-  
lure in liquid nitl-ogcn and on heating the s)Steln pro- 
cooled to the temperature  of  liquid nitrogen. 

Thus, we found an unusual change in the regime of 
the b imolecular  diffusion-control led process involving 
organic molecules  in organic alcohol during its freezing. 

The react ion rate increases by approximate ly  an order of  
magni tude on going from the l iquid to solid ~tate. By 
analogy to aqucous solutimls, we c:m assume that the 
c[feet is based on the concen t ra t ion  of  thc reactant 
molecules  on lrcczing. I - ~  ,~oivcnt crystallization can be 
accompanied  by the "extrusion" o f  the molcculcs of the 
dissolved substance fron~ the nucleat ing crystal and their 
localizat ion in dcl(,cis at the interface of  microcr~stals. 
However ,  the kinetics of  the b imolccu la r  process in a 
frozen solut ion is solely homogeneous .  Frozen DC did 
not exhibit  kinetic pol?dispersiiy,  which usuall} appears 
for b imolecu la r  procc.,~scs, in particular.  TTA, in solid 
and hc tc rogencous  Nlcdia af,,d is due to the i ]of luniform 
spatial distr ibulion of  the reactants and molecular cnvl- 
ronnlcnt.  8 Morcoxer.  the f e t e d  value of  the elfeet (the 
tenfi~ld accclerat ion of  the react ion)  :.lsStilllCS \'013' high 
local concent ra t ions  o( the reactant ,  :,.t which porphyrin 
molecules  are usually strongly aggrcgatcd,  which is pro- 
IlOU~lCed in lhe spectral and I'h.lorcsccncc par:lnlctcrs. 
"1he f luorescence parameters t spec i rum.  Iit;,:timc. and 
quantunl  yield) of the porphyrirl in frozcn and liquid DC 
arc the same. Tile experimental  data indicate the very 
high mobil i ty of  th~ porphyrin moleculcs  in the regions 
c)l their local ization it1 Irozcn DC 411d the hoinogcilcotls 
ll:.tlure o f  those  regiOllS. It C~.II] be asst inled th:.ll the 
porphyr in molecule.,> '%lidc" over the microcr,<stal sur- 
I'acc, using the avaiiablc free ,,olunie. 
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