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J A N I N A  K A B A T C 1*, J E R ZY  P Ą C Z K O W S K I 1*, J E R Z Y  K A R O L C Z A K * 2)

What affects the rate of free radical polymerization of a multifunctional 
acrylate photoinitiated by cyanine borate salts?

Part II. APPLICATION OF ELECTRON TRANSFER THEORY**

S u m m a ry  —  O n  the basis of Schuster's investigation, a m ech an ism  o f the 
processes g o in g  on during radical p olym erization , photoinitiated b y  cyanine  
borate salts, has been prop osed . A s  w ell the possibility of M arcu s theory ap p li
cation to describe the kinetics o f such p olym erization , photoinitiated via elec
tron transfer process, has been presented. It required the determ ination  o f the 
valu e o f free energy o f activation o f electron transfer process (AGei), usin g  
R eh m -W eller equation. U sin g  cyclic voltam m etry  the reduction  potentials of 
the dyes and oxidation  potentials o f borate salts w ere determ in ed. Parabolic  
d epen den ce betw een p olym erization  rate (Rp) and AG valu e has been obtained  
for all the salts tested. The lifetim es o f excited singlet state o f cyanine d y e  w ith  
and w ith ou t qu en ch ing w ere determ ined and let calculate the rate constants of 
prim ary process o f p o lym erization  investigated, i.e. electron transfer from  b o 

rate anion to excited state o f the d ye (kci). A ccord in g  to the Schem e A , the effect 
o f com p etitive process, i.e. cyanine and  butyl radicals recom bination  on  the 
photoinitiated polym erization  rate w as also determ in ed. This process, w h ich  
does not influence Rp value, leads to the d y e  bleaching w h a t strongly d ep en d s  
on the structure o f both d y e  cation and borate anion. There w as stated that 
initiation rate o f polym erization  d ep en d s on the photoinitiator concentration  
and Rp valu e —  on the co-initiator concentration.

K e y  w o r d s : d y e  ph otoinitiators, cyanine borate salts, 2 -e th y l-2 -(h y d ro x y -  
m e th y l)-!,3 -p ro p an ed io l, radical po lym erization , m ech an ism , kinetics, electron  
transfer process.

The initiation o f polym erization  via ph otoin du ced  in- 
term olecu lar electron transfer process in volves m an y  
steps, in clu d in g  ph otoin d u ced  electron transfer from  an  
electron d o n o r to the singlet or triplet state o f electron  
acceptor (u su ally  d ye) fo llow ed  b y  secondary reactions, 
w hich yield  a neutral radical initiating polym erization .

T h e kinetics o f p h otoin d u ced  electron transfer pro
cess is u su ally  described usin g the M arcus theory [1]. 
H o w ev er , the practical application o f M arcus theory is 
co m m o n ly  u sed for the stu d y  o f on ly  the prim ary p h oto 
chem ical processes. The description o f the kinetics o f the 
p h o to in d u c e d  p o ly m e riz a tio n  via the in term olecu la r  
electron transfer is another exam p le o f this theory a p p ly 
ing to practice [2 ,3 ] . O n  the basis o f this theory it w as our
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intention to establish the kinetic and  th erm od yn am ic cri
teria o f the cyanine borate redox pair (C y +Bo ) selection  
as free radical p o lym erization  initiating system . These  
co m p ou n d s belon g to the specific g ro u p  o f photoinitiat- 
ing system s. Both com p on en ts o f the initiator exist as 
ions, therefore in n onpolar solven ts they exist p red o m i
nantly as ion pairs. A fter the electron transfer a radical 
pair [C y ][R  ] is form ed . Since these products are not 
stabilized b y  the electrostatic interaction they can easily  
diffuse from  the initial so lven t cage g iv in g  a separated  
free radical that can photoinitiate free radical p o ly m eri
zation. In particular, it w as our intention to fin d  the rela
tionship betw een  the prim ary process, i.e. the electron  
transfer process, and the rate o f free radical p o ly m eriza 
tion, photoinitiated b y  cyanine borate salts, and to cla
rify the relationship betw een various param eters charac
terizing an initiating system  and  the rate o f photoinitia
ted p o ly m e riza tio n  o f 2 -e th y l-2 -(h y d r o x y m e th y l) -l ,3 -  
-p rop an ed iol triacrylate (T M P T A ). O u r pu rposes w ere  
accom plish ed by:
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(г) The stu d y  o f the basic physical and chem ical pro
perties o f the n e w ly  syn th esized  photoinitiating pairs [4] 
and the qualitative and quantitative analysis o f the p h o 
tochem ical processes that occur du rin g  the p oly m eriza 
tion reaction. T h is, in turn, a llow s to understand the 
m ech an ism s o f the com petitive reactions that reduce the 
qu an tu m  yield  o f the photoinitiated polym erization .

(гг) The stu d y  o f the kinetics o f the photoinitiated free 
radical p o ly m erization  in bu lk  u sin g  the calorim etric  
m eth od .

(iii) The stu d y  o f the influence o f the rate o f electron  
transfer process on  the efficiency and  rate o f ph otoinitia
ted p olym erization .

EXPERIMENTAL

The kinetics o f free radical p o lym erization  w as stu
d ied  u sin g  a p o lym erization  solu tion  com p osed  o f 1 m L  
o f T m e th y l-2 -p y rro lid in o n e  (M P) and  9 m L  of 2 -eth yl-2 - 
-(h y d ro x y m e th y l)-l,3 -p ro p a n e d io l triacrylate (T M P T A ). 
C yan in e borate concentration w as 1 ■ 10 3 M . A s  a refe
rence sa m p le  a m ixture containing m o n om er and cya
nine iod id es or ethyl sulfates (d ye w ith ou t an electron  
donor) w a s u sed. The m e th o d o lo g y  o f m easurem ents of 
the kinetics o f free radical p o lym erization  w as described  
earlier [3, 5 , 6]. The irradiation o f the polym erization  
m ixture w a s carried out u sin g  the em ission  o f an O m n i
ch rom e argon ion laser M o d e l 5 4 3 -50 0  M A  w ith the light 
intensity o f 30 m W /0 .7 8  cm 2.

The reduction  potentials o f the dyes w ere m easured  
b y  c y c lic  v o lta m m e tr y . A n  E le c tro a n a ly tic a l M T M  
(K rak ov) M o d e l E A 9 C -4 z  w a s u sed  for the m easu re
m ents, and A g -A g C l  electrode served as a reference elec
trode. The su p p ortin g  electrolyte w as 0.1 M  tetrabutyl- 
a m m o n iu m  perchlorate.

T h e flu orescen ce lifetim e m easu rem ents w ere per
fo r m e d  u s in g  p i c o /f e m t o s e c o n d  sp e c tro m e te r  co n 
structed at A d a m  M ick iew icz  U niversity, P oznań (P o
land). The d esign  and  construction o f a spectrom eter for 
picosecon d  fluorescence d ecay  m easu rem en ts are d e 
scribed elsew h ere [7, 8]. The apparatus utilizes for the 
excitation a p i c o / fem tosecond tunable TkSapphire laser 
generating pu lses o f about 1 ps. Short laser pu lses in 
com bin ation  w ith  a fast m icrochannel plate p h otodetec
tor and  ultrafast electronics m ake a successful analysis 
o f fluorescence decay signals in the range o f single p i
cosecon ds possible . The d yes w ere stu d ied  at the con 
centrations able to p ro vid e  equ ivalen t absorbances at 
460 or 480  n m  (0 .2— 0.4 in the 10 m m  cell).

RESULTS AND DISCUSSION

The Schuster's stu d y  on the photochem istry o f N ,N '-  
-d im eth ylin d ocarb ocyan in e borate salts [9, 10] a llow ed  
to describe the m ech an ism  o f free radical p o lym erization  
photoinitiated b y  cyanine borate salts. This is sh ow n  in 
Schem e A .

C y ....B u B (P li)3

C y ....B u B (P h)3

liv y....BuB(P h)3 

isomerization

kci
k-d C y ....B u B (P h)3
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polymer

C y 1 + Bu
hl

electron transfer

Scheme Л

w here: кве —  rate constant o f carbon-boron b o n d  cleav
age in boranyl radical (the opposite process is d en oted  as 
к - вс); кы —  rate constant o f free radicals recom bination  
process, leadin g to the bleaching o f a d ye.

The cyanine d y e  cation and borate anion  exist as ion  
pair even  in the solven ts o f m e d iu m  polarity  [9, 11]. 
Som e o f them  even  form  the penetrating ion pairs of 
w hich the center-to-center distance betw een  the ions is 
less than the su m  of the in d ivid u al ion radii [12— 14]. 
Since, the lifetim e o f the excited singlet state o f cyanine  
d y e  is too short (less than 0.5 ns) to let the efficient d iffu 
sive form ation o f encounter com p lex  at achievable con
centration o f borate; the self-association  o f cyanine cat
ion  and borate anion in their g ro u n d  state is a prere
quisite for the effective ph otoin d u ced  electron transfer 
process.

The irradiation o f cyanine d y e /b o r a te  anion ion  pair 
w ith visible light generates the excited singlet state of 
cyanine ch rom oph ore, w h ich  can u n d ergo  three possible  
reactions:

(г) fluorescence process,
(гг) ph otoisom erization ,
(ггг) electron-transfer reaction.
The cy a n in e /b o ra n y l radical pair form ed after the 

ph otoin d u ced  electron transfer process m a y  u n d ergo  the 
back electron transfer process leadin g to the regenera
tion o f substrates or it m a y  u n d e rg o  a carbon-b oron  
b on d  cleavage to form  an alkyl radical and triphenyl- 
b o ro n . F o rm e d  in th e latter p r o c e ss  a ra d ic a l pair  
[C y ][R ] m ig h t also u n d ergo  the electron transfer pro
cess leading to the form ation  o f cyanine cation [C y +] and  
alkyl anion [R ]. The radicals form ed  m ig h t cou ple g iv 
ing an alkylated cyanine [C y-R ] or m ig h t d iffu se from  
the initial so lven t cage.

It is k n ow n  from  the literature that the electron trans
fer process in the cyanine borate ion  pair has tw o restric
tions. Borate salts able to form  the stabilized  radicals {e.g. 
ben zyl) g iv e  the cyanine radicals w ith  high  yield s. In 
such cases the electron transfer process is faster than the 
back electron transfer process. In the case w h en  borate  
salts are not able to generate the stabilized  radicals (e.g. 
ph en yl) the efficiency o f the cyanine radicals form ation  
is very  low.

In the present paper it w a s our intention to present a 
possibility o f the application  o f M arcu s theory to the de
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scription o f the kinetics o f free radical polym erization  
ph otoinitiated via electron transfer process.

The relationship betw een the rate of polym erization, 
initiated via  electron transfer process, and free 
energy of activation of the photoinduced electron  
transfer process

T h e d iscu ssion  on  the cyanine borate photochem istry  
sh o u ld  a lso  in c lu d e  the estim ation  o f the th erm o d y 
nam ic d riv in g  force o f the p h otoin d u ced  electron trans
fer (PET) process. It is w ell k n ow n  that the m ain  prere
q u isite  o f PET reaction  is an  eq u ation  described  b y  
R ehm — W eller, w h ich  states that free energy o f activa
tion o f the PET process (AGei) sh ou ld  h ave a negative  
value:

AG,.] = Eoy(D /D  +) - Ererf(А /A ) - Ze2/ea  - Eoo (1)

w here: E0x(D/D‘ +) —  oxidation potential of electron donor, 
Ered(A ~/A) —  reduction potential of electron acceptor, Eoo —  
energy of electron acceptor (cyanine) excited state and Ze2/ea 
—  Coulombic energy gained by bringing the ions to an en
counter distance in a solvent with relative permittivity e.

Potential, mV
Fig. 1. Illustrative cyclic voltametric curve of selected dye 
(3,3'-diethyl-5,5'-diphenyl-9-methylcarbocyanine iodide)

The electrochem ical reduction o f cyanine d yes in ace
tonitrile so lu tion  is reversible (Fig. 1), h ow ever, the oxi
dation process o f borate anion , as is sh o w n  in Fig. 2 , is 
irreversible. T h e  v a lu es o f the o xid ation  poten tia l o f

T a b l e  1. Thermodynamic characteristics of cyanine borates tested

____Z R,

A A  A  c,,=ć- ciA'pOC Rj
R.i R3

X 0

Cy Z Rs Rf, R» R.3 Ет /, V СуХ AG,./, eV 
СуВ2

AG,/, eV 
СуВЗ

AG,/, eV 
CyB4

AG,/, eV 
CyB5

Cy22 О Cl Н н С2Н5 -1.35 -0.054 -0.12 -0.168 -0.36
Cy48 О CI Н СНз С2Н5 -1.074 -0.320 -0.384 -0.432 -0.694
Cy49 О CI Н С2Н5 С2Н5 -1.356 -0.044 -0.085 -0.135 -0.393
Cy23 О СНз н н С2Н5 -1.279 -0.134 -0.143 -0.240 -0.444
Cy51 О СНз н СНз С2Н5 -1.19 -0.191 -0.217 -0.254 -0.527
Cy53 О СНз н С2Н5 С2Н5 -1.383 0.003 -0.011 -0.056 0.347
Cyl9 О н н н С2Н5 -1.196 -0.212 -0.304 -0.352 -0.568
Cy41 о н н СНз С2Н5 -1.334 -0.065 -0.118 -0.161 -0.411
Cy45 о н н С2Н5 С2Н5 -1.295 -0.120 -0.147 -0.189 -0.484
Cy25 о CćHs н Н С2Н5 -1.21 -0.178 0.218 -0.270 -0.475
Cy52 о С„Н5 н СНз C2Hs -1.251 -0.095 -0.143 -0.206 -0.473
Cy28 о Сг,н5 н С2Н5 С2Н5 -1.378 0.050 -0.033 -0.081 -0.286
Cy27 о СНзО н С2Н5 С2Н5 -0.421 -0.917 -0.979 -1.040 -1.192
Cy24 о СНзО н н С2Н5 -1.389 0.029 -0.078 -0.074 -0.307
Cy9 S СНз н н С2Н5 -1.229 0.121 0.063 0.008 -0.167
Cy46 S СНз н СНз С2Н5 -1.284 0.139 0.097 0.055 -0.195
Cy47 S СНз н С2Н5 С2Н5 -1.160 0.024 0.011 -0.050 -0.316
Cy3 S Н н н С2Н5 -1.240 0.169 0.046 0.002 0.210
Cy4 S Н н СНз С2Н5 -1.268 0.167 0.059 0.014 -0.203
Cy50 S Н н С2Н5 С2Н5 -1.389 0.230 0.189 0.095 -0.134
CylO S н СНзО Н С2Н5 -1.224 0.156 0.093 0.043 -0.189
Cyll S СНзО н С2Н5 С2Н5 -1.229 0.017 0.012 0.069 -0.186
Cy61 S СНзО н н С2Н5 -0.917 -0.149 0.186 -0.244 -0.507
Cy33 S Н С2Н5 0 н С2Н5 -0.817 -0.250 -0.310 -0.360 -0.589
Cy58 S ОН н н С2Н5 -1.147 0.100 0.053 -0.005 -0.391
Cy59 S о н н СНз С2Н5 -1.268 0.190 0.188 0.109 -0.323
Cy60 S о н н С2Н5 С2Н5 -1.356 -0.049 -0.109 -0.140 -0.400
Cy36 S N02 н н С2Н5 -1.081 -0.082 -0.117 -0.161 -0.374

** The meaning of X — see text.
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Fig. 2. Cyclic voltametric curve of tetramethylamino-n-butyl- 
triphenylborate

tested borates and valu es o f Eon w ere p u blish ed  earlier
[1 5 ,1 6 ] .

O n  the basis o f electrochem ical as w ell as fluores
cence m easu rem en ts and  u sin g  the R eh m — W eller equa
tion, the valu es o f the free energy o f the electron transfer 
process w ere estim ated for cyanines possessin g four d if
ferent borate anions. T h ey  are presented in Table 1 (sy m 
bols B2, B3, B4 and  B5 den ote n-, sec-, fcrf-butyltriphenyl- 
borate salts and  tetra-n-butylborate, respectively).

It sh ou ld  be noted that according to the Schuster's  
studies the oxidation  potentials o f the tested borate salts 
determ in ed  b y  electrochem ical m eth od  have on ly  rough  
m ean in g . This is because o f a very short lifetim e (about 
250  fs) o f the boranyl radical form ed  as a result o f the 
p h otoin d u ced  electron transfer process [17]. The values  
of AGei o f tested p h otoredox pairs oscillate in the range  
from  -0 .7  to 0 .36  e V  (-67.1 to 34 .73  k j /m o l) .

Concentration o f Cy24B2, mol/dm3 

Fig. 3. The influence o f donor/acceptor concentration 
(Cy24B2) on the rate of photoinitiated polymerization of 
MP'.TMPTA mixture in vol. ratio 1:9

The influence of a donor-acceptor concentration on 
the rate of free radical polymerization

The plot illustrated the relationship betw een  the rate 
o f p h otoin itiated  free radical p o ly m eriza tio n  and the 
photoinitiator concentration [n -butyltriphenylborate salt 
o f d y e  C y 2 4  (C y24B 2)] is sh o w n  in Fig. 3.

It is apparent from  the data sh o w n  in this figure that 
at lo w  concentration range one observes an increase in 
the rate o f polym erization  w ith the increasing o f initiator 
concentration. The further increase in cyanin e borate  
salts concentration causes the decrease in the rate o f the 
polym erization . Basing on  the experim ental data, one  
can co n clu d e  that, for the thickness o f  p o ly m e riz in g  
sam p le about 3 m m , the optim al initiator concentration  
is about 1 • 10 3 M . O n  this condition  the incident light is 
absorbed b y  the w h o le  v o lu m e  of the sam p le .

The influence of an electron donor (co-initiator) con
centration on the rate of free radical polymerization 
of TMPTA

The electron don or (co-initiator) concentration affects 
also the rate o f free radical polym erization . Since the 
lifetim e o f the excited singlet state o f cyanine d y e  is less 
than 0.5 ns, h igh  electron don or concentration is needed  
to achieve an effective electron transfer process. In this 
case, h igh  concentration o f borate ions in close approach  
to the absorbing d y e  is gain ed  b y  the association o f the 
d y e  cation and borate ion  as the ion  pair. The d y e  con
centration and electron don or concentration are equal if 
w e used them  as the salts. A n  interesting qu estion  arises 
w hether additional am o u n t o f borate anion  affects the 
rate o f p o ly m eriza tio n ? T h e exp erim en tal results are 
sh ow n  in Fig. 4 , w here an increase in the rate o f p o ly m e-

Co-initiator concentration B2, mol/dm’

Fig. 4. The influence of the electron donor (co-initiator) con
centration —  B2 on the rate of photoinitiated polymerization 
of MP:TMPTA mixture in vol. ratio 1:9; 1 —  Cy23, 2 —  
Cy33
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rization w ith  the increase in co-initiator concentration is 
distinctly visible.

H o w ev er , it is w orth  to note that, for the cyanine b o 

rate salts tested, the influence o f an addition al a m o u n t of 
borate an ion  on  the rate o f photoinitiated p o ly m eriza 
tion is different and  d ep en d s on  the typ e o f the d y e  ca
tion. T h e  obtain ed results su gg est that the borate cya
nine salts in the tested p o ly m erizab le  form u lation  d o  not 
exist exclu sively  as ion  pairs and that they are partially  
dissociated . The increase in the co-initiator concentra
tio n  sh ifts  th e e q u ilib r iu m  co n sta n t o f  cy a n in e  ca- 
t io n /b o r a te  anion  sy stem  tow ards the ion pair form a
tion. This leads to the acceleration o f the electron transfer 
process an d  this, in turn, causes the rise o f free radical 
p olym erization  rate.

The in fluence o f  the bleaching process o f  cyanine 
dye on  the rate o f  polym erization

The general equ ation  describing the rate (Rp) o f the 
ph otoinitiated free radical p o lym erization  via the intra- 
or interm olecular electron transfer process can be pre
sented as fo llo w s [3]:

R„ = d[M]
d t

k \  M] (2)

w here: Ia —  light intensity, [M l —  monomer concentration, 
hobs —  rate constant of the primary photochemical process (in 
this case the electron transfer process), кы —  rate constant of 
the bleaching process (rate constant of the cyanine and butyl 
radicals recombination process), kt —  rate constant of the ter
mination of the macroradicals, kp —  rate constant of propaga
tion.

Fig. 5. Changes in the absorption intensity [(Ao - At)/Ao] of 
the dyes Cy27B2 (curve 1), Cy28B2 (curve 2) and Cy29B2 
(curve 3) with one type of counter-ion (B2) during argon-laser 
irradiation (Ia = 20 mW/cm2) in ethyl acetate (EtAc) solution 
(V = 4.0 m L,c = l ■ 10~5 M)

T h e equ ation  (2) contains the rate constant o f the 
process (bleaching) that is com p etitive to photoinitiated  
p olym erization . This is w h y  it w a s v ery  im portant to 
establish the p ossib le  influence o f the bleach in g process 
on the rate o f free radical p o ly m erization . The sim plest  
m e th o d  a llo w in g  to fo llo w  the colou r loss o f the p h oto - 
initiating system  w a s based on  the m easu rem en t o f the 
changes o f the electronic absorption  spectru m  intensity. 
O n  the basis o f these experim ents it appears that, as in 
the case o f the kinetics o f the p h oto p o ly m erization , the 
rate o f the bleach in g process stron gly  d ep en d s on  the 
structure o f both the d y e  cation and borate anion (Figs. 5 
and 6).

Fig. 6. Changes in the absorption intensity [(Ao - AO/Aol of 
Cy28 dye with various counter-ions (B2, B3, B4) during ar
gon-laser irradiation (conditions as in Fig. 5); 1 -—  Cy28B3, 
2 —  Cy28B4,3 —  Cy28B2

O n  the basis o f the spectroscopic m easu rem en ts the 
qu an tu m  yields o f the bleach in g process o f the tested  
photoinitiating system s w ere calculated . T h e qu an tu m  
yield s o f this reaction oscillates in the ran ge from  0.0005  
to 0 .04 . T h ese results are at least one order o f m agn itu d e  
low er than the q u a n tu m  yield  o f n -b u tyl radical fo rm a 
tion (ф =  0.73) [9]. It a llow s to con clu d e that the bleaching  
process is s lo w  and it does not influence the overall effi
ciency o f photoinitiated free radical polym erization .

The influence o f  the free energy o f  electron transfer 
process on the rate o f  free radical polym erization

Taking into consideration  the M arcu s theory, the rate 
o f free radical p o ly m erization  ph otoin itiated  b y  cyanine  
borate salts can be expressed b y  the fo llo w in g  equation:

R _ d[Ml - / : [M]J l.'X Zexp[-q  + A G J2/4XRT] (3)
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w h ere: x  —  transmission coefficient, Z —  universal fre
quency factor (6 ■ 1012 s'1) at 25°C, X —  total reorganization 
energy, AGd —  free energy of the electron transfer process, 
described by earlier mentioned Rehm— Weller equation [eq. 
(1)1

The rate o f free radical p o lym erization  can also be  
described in the sim p ler logarithm ic form :

InRp = A - 0i + AGei)2 /  8 XRT (4)

w here: A combines all the constant data of initial time of 
polymerization.

From  the analysis o f  the equ ation  describing the rate 
of the p h o to p o ly m e riza tio n  one can con clu de that for 
the p o ly m eriza tio n  initiated via electron transfer pro 
cess the relationship  b etw een  lnR ;, and AGci sh o u ld  pre
sent the classical M arcu s parabolic relation. This type of 
d e p e n d e n c e  for th e se lected  p h o to in itia tin g  salts is 
sh o w n  in Fig. 7.

Fig. 7. Marcus plot of the rates of polymerization (a.u.) of 
TMPTA:MP (9:1 by volume) mixture for cyanine-tert-butyl- 
triphenylborate photoinitiating systems; □  —  cyanines, •  —  
meso-cyanines

It is apparent that the experim ental data sh ow , for 
alm ost all the cases, the relation consistent w ith  M arcus  
theory. It is w orth  to note that in the series o f both sec- 
-bu ty ltrip h en y lb ora te  and ferf-butyltriphenylborate as 
the electron d on ors, the rate o f free radical p o ly m eriza 
tion increases w h e n  the d riv in g  force o f the electron  
transfer process (free energy o f activation, AGei) becom es  
m ore n egative.

For the series w ith  tetra-n-butylborate as the electron  
donor, in the area o f free energy ch an ge o f electron trans
fer process from  -0 .6  e V  to -0 .3  eV, w h ile  the d rivin g  force 
o f the electron transfer process increases, the rate o f the 
p olym erization  decreases. In the literature this type of 
behavior is called "th e  inverted M arcu s re g io n ".

There are tw o  types o f the electron donors that form  
identical initiating radical after the electron transfer reac

tion. These are n -bu tyltriph en ylborate and tetra-n -butyl
borate salts. Since for these types o f the electron donors  
the valu es o f A G c/ exhibit different v a lu es, therefore it 
w as interesting to see the M arcu s relationship for these 
tw o  types o f donors d isp la y ed  on  one plot. It is sh o w n  in 
Fig. 8.

Fig. 8. Marcus plot of the rates of polymerization (a.u.) of 
TMPTA-.MP (9:1 by volume) mixture for cyanine-n-butyl- 
triphenylborate ( □ )  and cyanine-tetra-n-butylborate (Ш) pho
toinitiating systems

The experim ental data covers practically the w h ole  
parabola. This observation  a llow s to con clu de that the 
tested system s b eh ave as predicted b y  M arcu s theory, 
includin g the presence o f so -ca lled  "th e  inverted M arcus  
reg io n ".

The photophysics of the cyanine dyes. The kinetics 
of the quenching of the cyanine dyes excited singlet 
state

The kinetics o f the q u en ch in g  o f the excited singlet 
state w as stu d ied  u sin g  the m easu rem ents o f the fluores
cence lifetim e o f the selected cyanine d y es , n am ely  the 
d yes w ith iodine, ethyl sulfate and sim u lta n eo u sly  w ith  
borate ions as counter-ion. The exam p les o f the fluores
cence decay curves are sh o w n  in Fig. 9.

T h e a n alysis o f the exp erim en tal data sh o w s that 
there is a significant difference b etw een  the singlet state 
lifetim e o f cyanine d y e  w ith and w ith ou t an a lkyl grou p  
in the meso position  o f the p o ly m eth in e  chain. The alkyl 
su b stitu tio n  in the meso p o sitio n  o f  the p o ly m eth in e  
chain (C y 54 , O ) dram atically  decreases the fluorescence  
lifetim e. Th is beh avior is attributed to the faster tor
sional, non -radiative relaxation o f the excited state o f the 
d y e  to the grou n d  state.

The effect o f ethylsulfate anion  exch ange to n -b u tyl
triphenylborate anion  is sh o w n  in Fig. 10. It is clear from
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Fig. 9. The influence of the substitution in meso position 
(Cy54 vs. Суб, see Table 1 in [41) on the fluorescence lifetime 
of cyanine borates tested. Fluorescence measurements per
formed in MP:ethyl acetate (EtAc) solution (1:9); 1 —  Суб, 
2 —  Cy54

the data sh o w n  in Fig. 10 that borate ion strongly d e 
creases cyan in e ion  fluorescence lifetim e and  this, in 
turn, su gg ests that borate ion qu enches the singlet ex
cited state o f the cyanine dye.

T h e lifetim e o f the excited singlet state o f the cyanine  
d y e stron gly  d ep en d s on the structure o f the d y e  and the 
type o f borate ion. T h e results obtained d u rin g fluores
cence lifetim e m easu rem ents sh o w  that the lifetim es of 
the tested thiacarbocyanine d y es are in the range from  3  
to 595  ps. The lifetim es o f the excited singlet state o f the 
carbocyanine d yes are shorter and  are in the range from  
7 up to 399  ps.

The relationship between the rate constant and free 
energy of the electron transfer process

T h e electron  tran sfer process b etw een  the cyan in e  
and b orate  ion s cau ses the q u e n c h in g  an d  sim u lta n e 
o u s sh o rten in g  o f the flu o rescen ce  lifetim e o f the cy a 
n ine d y e . A s s u m in g  that the electron transfer is the 
o n ly  o n e  q u e n c h in g  rou te , o n e  can calcu late the rate o f  
the electron  transfer for the tested  ion  pairs. T h e  ca lcu 
lated  rate con stan ts for the selected  tested  d y e s  are 
listed  in Table 2.

A n a ly sis  o f the data collected in Table 2 sh ow s that 
the rate constants o f the electron transfer ran gin g from
1 . 9 - 1 0  to 1 .6 ■ 10 s’  and are low er than those m ea
sured for the borate salts o f N ,N '-d im eth y lin d o ca rb o cy a -  
nine d yes in ben zen e so lu tion  (about lO 1'3 s ’ 1) [9 ,1 8 ] . The  
introducing o f m eth y l or ethyl g rou p  to the polym eth in e  
chain increases, in the m ajority o f cases, the rate constant 
o f the electron transfer process by about tw o  orders of 
m agn itu d e.

The classical M arcu s equation com bin es the rate con 
stant o f the electron transfer process w ith  free energy

Time, ps

Fig. 10. The influence of the borate ion on the fluorescence 
decay of Cy9. Fluorescence measurements performed in 
MP:EtAc solution (1:9); 1 —  ethylsulfate anion, 2 —  n-butyl- 
triphenylborate anion

A G ,,eV

Fig. 11. The dependence of the rate constant of electron trans
fer (kei) on free energy of electron transfer (AGei) from n-butyl- 
triphenylborate ion (B2) to the cyanine dyes tested; □  —  cya
nines, •  —  meso-cyanines

Fig. 12. The dependence of the rate constant of electron trans
fer (kd) on free energy of electron transfer (AGci) from tert- 
butyltriphenylborate ion (B4) to the cyanine dyes tested; □  —  
cyanines, •  —  meso-cyanines
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T a b l e  2. Calculated rate constants ( k d )  of electron transfer process for selected tested dyes*1

Dye kei, s’1
СуВ2

kd, s"1 
СуВЗ

kd, s"1 
СуВ4

kd, s '1 
СуВ5

Cy3 9.84 ■ 108 1.48- 109 5.27 • 10я 1.07- 109 2.23 ■ 10я 9.97 ■ 10я — —
Cy4 1.55- 1010 — — — 1.34- 10ш — — —
Cy50 — — „ 5.98 • 109 — 1.1 • ю '° — — —
Суб 8.28 • 108 4.45 • 10я — — — — — —
Cy54 6.8 ■ Ю10 — — — 1.59- 10“ — 7.14- 10ю —
Cy8 4.21 • 108 4.39 • 10я — — 1.41 • 10я 3.33 ■ 10я 2- 10я —
Cy56 1.97- Ю10 — — — 1.6- ТО10 — 1.59- Ю10 —
Cy9 4.26 • 108 1.03- ю 9 — — — — — —
Cy47 6.5 • 109 — 6.33 • 10я — 6.09 • 109 — — —
CylO 6.31 ■ 108 — — — — — 1.59- 109 1.09 ■ 10ч
Cyll 2.06- 10,() 3.67 • 109 — — 1.05- 101' 4.7 • 109 — —
Cy33 — 1.55 ■ 10я — — — — — —
Cy36 1.4- 10ю 2.93 ■ 109 — — 1.44- 109 2.84 • 109 — —
Cy58 3.9 • 108 2.05 • 109 — — 6.85 ■ 109 3.63 • 109 — —
Cy59 6.57- Ю 10 — — — — — 2.83 • 109 2.35- 109
СубО 4.77 • Ю10 — — — — — — —
СубЗ — — — — — 1.6- 10я — —
Су65 — — — — 8.97 ■ 109 —
Субб — — 5.31 • 109 — — — — —
Су18 8.14 ■ 109 7.36 • 10я 9.94 ■ 109 9.89 • 10я 4.31 • 109 1.07- Ю9 — —
Су 19 5.4 5- 109 1.41 ■ 109 — — 4.34 • 109 1.45- 109 — —
Су41 7.59 • 109 — — — — — — —
Су45 1.27- 1011’ — 9.38 • 109 — — — 4.62- 109 1.16 • ю "
Су 20 5.49- 109 1.09- 109 — — — — — 2.06 • 10я
Су21 2.74 ■ 10я — — — — — — —
Су22 — 1.86- 10я 5.18- 109 — — — — —
Су48 9.22 • 109 4.56- 109 — — — — — —
Су 23 1.28- 109 1.86- 10я 1.09 • 109 3.77 • 10я — — 2.12 • 109 —
Су24 6.38 • 108 2.21 • 10я 1.05 ■ 109 3.94 ■ 10я — — —
Су 27 6.31 • 109 — — — — — — —
Су25 4.48 • 109 2.55 • 10я 2.02- 109 2.83 • 10я 3.7 ■ 109 1.91 • 10я — —
Су52 — 5.49 • 109 — 5.94 • 109 — — — 8.95 • 10я
Су28 — 1.22 • 109 — — — 1.54- 109 — —

*’ In almost all cases, the rate constants of electron transfer process were calculated for two fluorescence lifetimes of cyanine dyes; it is the reason
of two values of kd  for the same dye.

change o f this reaction. T h e relationships betw een  the 
rate constant o f the electron transfer process and free 
energy ch an ge o f this process, for the tested salts, are 
sh o w n  in Figs. 11 and 12.

T h e data presented in these figures are consistent 
w ith  the theory o f the p h otoin d u ced  electron transfer 
process. T h e  observed  relationships a llo w  to conclude  
that the excited state, w h ich  is qu en ch ed  by the borate 
anion, is the fluorescing state o f cyanine d ye. T h e M a r
cus relationship  is not observed for the cyanine dyes  
w ith  an a lkyl g ro u p  in rneso position.

The influence of the rate constant of electron trans
fer process in cyanine-borate ion pair on the rate of 
photoinitiated free radical polymerization

O n e o f the m ain  p u rp oses o f the presented research  
w as also to extend the stu d y  on the ph otoch em istry of 
the cyan in e borate salts b y  stu d y in g  the relationship

Fig. 13. The dependence of the rate of photopolymerization 
(Rf,) on the rate constant of electron transfer (kei) for cyanine 
n-butyltriphenylborates (B2); □  —  cyanines, •  —  meso-cya- 
nines
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betw een  the rate o f the prim ary process, i.e. the rate of 
the electron transfer process, and the rate o f the ph otoin i- 
tiated p o lym erization . The kinetic analysis o f the p h oto - 
initiated p o ly m erization  leads to the con clu sion  that if 
there is a direct relationship betw een  the rate o f the elec
tron transfer process and  the rate o f photoinitiated free 
radical p o ly m erization  one sh ou ld  observe a linear rela
tionship betw een  logarith m  o f the rate constant o f the 
electron transfer process and the logarithm  o f the p o ly 
m erization  rate. It is illustrated in Figs. 13 and 14.

18 20 22 24

In /<„
Fig. 14. The dependence of the rate of photopolymerization 
(Rp) on the rate constant of electron transfer (kc\) for cyanine 
sec-butyltriphenylborates (B3)

O n  the basis o f the data presented in these figures one  
can con clu d e that for the cyanines w ith ou t meso substitu 
tion there are tw o  possibilities: the first sh o w in g  no rela
tionship b etw een  the rate o f the electron transfer (Fig. 14) 
an d  se c o n d  in d ica tin g  a linear relation sh ip  b etw een  
these valu es (Fig. 13). This secon d possibility  is not ob 
served for cyanine d y es substituted in the meso position. 
The con clu sion s presented a b ove are consistent w ith the 
relationship presented in Figs. 11 and 12 for the dyes  
w ith ou t the su bstituent in meso position . Therefore, one  
can ascertain that the practical application o f M arcus  
theory to the prediction o f the kinetics o f the ph otoinitia
ted free radical p o lym erization  is possib le on ly  for a se
lected g ro u p  o f cyanine dyes.

CONCLUSIONS

—  B utyltriphenylborate anions as co-initiators w ith  
cyanine d y e s  can be u sed in the visib le-ligh t-in du ced  
p olym erization  o f acrylates.

—  The rate o f the electron-transfer process is d ep en 
dent on the structure o f the a lkyl g ro u p  b o u n d  to the 
boron atom  of the borate.

—  The practical application  o f M arcu s theory to the 
prediction o f the rate o f ph otoinitiated p olym erization  is 
possible on ly  for selected initiating ph otored ox  pairs.
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