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

Part I. KINETIC STUDIES

S u m m a ry  —  C yan in e d yes, w id e ly  u sed  in color photography, can also be  
u sed as initiators of radical p o lym erization , initiated w ith  visible light. The  
aim  o f this w ork  w as to check the possibility o f application o f borate salts of 
these d yes as photoinitiators o f 2 -e th y l-2 -(h y d ro x y m eth y l)-l ,3 -p rop an ed io l  
triacrylate —  T M P T A  and to determ ine the effect o f photoinitiator structure on  
the polym erization  rate. 32 sym m etric cyanine d yes —  derivatives o f ben - 
zoth iazole  and  b en zoxazole  h ave been synth esized . Their structures w ere d if
ferentiated b y  changing o f heteroatom  (S or O ), substituent in the p h en yl ring  
as w ell as the typ e o f substituents in polym eth in e chain. Spectroscopic in ves
tigations o f d yes u sed  as w ell as their borate salts sh ow ed  the intensive ab
sorption band localized for thiocarbocyanine dyes in the range 550— 600 nm  
w h ile  for carbocyanine d yes —  in the range 480— 510 n m . R eplacem ent of 
h alogen  atom  or ethylsulfate anion in the cyanine d y e  m olecu le  to the fo llo w 
ing anions: и -, sec- or terf-butyltriphenylborate and  tetra-n-butylborate gave  
the borate salts o f cyanine dyes. 150 various borate salts o f cyanine d yes h ave  
been  u sed  as photoinitiators o f T M P T A  ph otopolym erization . It has been  
stated that the ability o f initiation o f T M P T A  [as 10 v o l .%  solu tion  in 1 -m eth y l- 
-2 -p y rro lid in on e (M P)] p o lym erization  d ep en d s on the type o f heteroatom  in 
the d ye m olecu le , the type o f substituent in the p h en yl ring, the type o f substi
tuent in mezo position  in p olym eth in e chain and on  borate anion  structure. It 
has been also fou n d  that m o n om er conversion  and qu an tu m  yield  o f the 
process d ep en d  also on the chem ical structure o f photoinitiator.
K e y  w o rd s : cyanine dyes borate salts, chem ical structure, triacrylate, radical 
p h otop olym erization , kinetics, activity o f d y e  photoinitiators.
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The ligh t can be u sed  as a source o f energy for the 
form ation  o f a free radical that can start to bu ild  a chain. 
G enerally, the photoinitiators of this kind of free radical 
p o ly m e r iz a tio n  can be classified  into three different 
grou ps:

—  the dissociative photoinitiators, such as peroxides, 
b en zoin  or acetophenon e derivatives [1 ,2 ] ;

—  the c o m p o u n d s w h ich  generate free radicals in the 
h yd rogen  atom  transfer reaction [3, 4];

—  the d y es [5] —  in this case the radicals are form ed  
in a nonclassical energy transfer process.

The panchrom atic sensibilization of polym erization  
o f v in y l m o n o m ers requires a suitable d y e  as a prim ary  
absorber o f a radiation. The extcitation o f the d y e  b y  the 
v isib le  lig h t an d  then the transfer o f the sensitizator  
energy is not an efficient w a y  of free radicals form ation, 
because the excitation energy is not high en ough for the 
dissociation o f the m ajority o f the chem ical bon d s [6]. 
H ow ever, a different m ech an ism  is also possible, n am ely  
the p h o to in d u c e d  en erg y  transfer process connected  
w ith  an electron transfer.

In 1985 G . Schuster and  co-w orkers noted that the 
laser irra d ia tio n  o f 1 ,4 -d ic y a n o n a p h th a le n e  so lu tion  
containing an a lkyltriph en yl borate leads to one elec
tron oxidation  o f an a lkyltriph en ylborate salt [7, 8]. In 
the first step  the electron transfer occurs and the 1 ,4 -d i-  
c y a n o n a p h th y l r a d ic a l-a n io n  a n d  a lk y ltr ip h e n y lb o -  
ranyl radical are form ed . N ex t, the carbon-boron  bon d  
cleavages y ie ld in g  an alkyl radical and triphenylboron. 
The free radical form ed  can be u sed  for the initiation of 
the free radical p o ly m erization  in U V  or visible light 
region . T h e first transfer to the d y ein g  system  led to the 
preparation o f cyanine borate salts. In such photoinitia

tor, org a n o b o rate  ion  p o ssessin g  all aryl g ro u p s has 
been  observed  to be inefficient. T h e experim ental re
sults led  to the general n otion  that aryl radicals are poor  
in itiatin g sp ecies [9— 11). O n  the other h an d  the or
gan oborate ion  p o ssessin g  at least one a lkyl g ro u p  d i
rectly b o u n d  to b oron  atom  w as fo u n d  to be a very  effi
cient part o f photoin itiatin g ion  pair. From  the literature 
it is also k n o w n  that the system s consisting o f the tetra- 
ph en ylborate  ion  and  ch rom op h ores possessin g  co v a 
lently attached tetraalk ylam m on iu m  cation effectively  
initiate the p oly m erization . H ow ever, their initiating ac
tivities are so m ew h a t low er than those o f corresp on d 
ing triph en ylb utylborate salts [11, 12]. T h e stu d y  on the 
ability o f the photoin itiation  o f the free radical p o ly 
m erization  b y  cyanin e borates salts is still continued  
[1 3 ,1 4 ) .

In this paper w e  present all the experim ental results 
describing the application o f the cyanine borate salts as 
the photoinitiators o f free radical p o lym erization  taking  
the triacrylate m o n o m er as a m od el. W e  also consider the 
effect o f the photoinitiating ion  pair structure on the rate 
o f ph otoinitiated free radical polym erization .

The general Form ula (I) presents the salts tested in 
our laboratory.

The goal o f the research described in this paper w as  
focused on the synthesis o f the n ew  d y ein g  ph otoinitia
tors and the stu d y  o f the influence o f their structure on  
their ability to photoinitiate o f free radical p o ly m eriza 
tion. It w as achieved by :

(i) the synthesis o f the sym m etrical cyanine d yes be
ing the ben zoth iazole  and b en zox a zo le  derivatives,

(и) the synthesis o f the tetrasubstituted organoborate  
salts,

(iii) the stu d y  o f the basic p h y sica l an d  chem ical 
properties o f syn th esized  photoinitiating pairs and the 
qualitative and quantitative analysis o f the ph otoch em i
cal processes occurring d u rin g the photoinitiation  pro
cess,

(iv) the stu d y  o f the kinetics o f the photoinitiated free 
radical polym erization .

EXPERIMENTAL — GENERAL INFORMATION

T h e substrates u sed  for the syn th esis o f the d yes, 
m o n o m ers  an d  solven ts w ere pu rch ased  from  Fluka, 
M erck and A ldrich . T h e cyanine d y es and cyanine b o 
rates w ere prepared in our laboratory. T h e purity o f syn 
thesized d yes w as controlled b y  thin layer chrom atogra
p h y  and  their iden tities w ere ch eck ed  b y  ^H N M R ,  
U V -V IS  and IR spectroscopies.

The kinetics o f free radical p o lym erization  w a s stu
died  usin g a p o lym erization  solu tion  co m p osed  o f 1 m L  
o f l-m e th y l-2 -p y rro lid in o n e  (M P ) and  9 m L  o f 2 -eth yl-2 -  
-(h y d ro x y m e th y l)-1 ,3 -p ro p a n e d io l triacrylate [T M P T A  
—  F o rm u la  (II)]. C y a n in e  borate  co n cen tration  w a s  
1 • КГ3 M . A s  a reference sa m p le  a m ixture containing

C 2H 5
CI-I2 =  C H - C O O - C H 2-  Ć -  C 1I2-  O O C - C H = C H 2 (II)

C H 2O O C -C H = C H 2

cyanine iodides or ethyl sulfates (dyes w ith ou t an elec
tron donor) w as u sed . M e th o d o lo g y  o f m easu rem ents o f  
the kinetics o f free radical p o lym erization  w as described  
earlier [15— 17]. Irradiation o f the p olym erization  m ix
ture w as carried ou t u sin g  the em ission  o f O m n ich rom e  
argon ion laser M o d e l 5 4 3 -50 0  M A  w ith  the intensity o f  
light o f 30 m W /0 .7 8  cm 2.

T h e  a b s o r p t i o n  s p e c tr a  w e r e  r e c o r d e d  u s in g  
„V arian  C ary  3 E "  S p ectro p h oto m eter, an d  the flu ores-
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Scheme A

cence spectra w e re  ob tain ed  u sin g  „H ita c h i F -4 5 0 0 "  
Spectroflu orim eter. T h e  a b sorp tion  and  em issio n  sp ec
tra w ere  reco rd ed  u sin g  the sp ectroscop ic  gra d e  eth yl 
acetate an d  tetrah y d rofu ra n , respectively , as the so l
ven ts. T h e  m e a su rem e n ts w ere  p erfo rm ed  at am b ien t  
tem p eratu re.

CH =cl c hJ ^ Q C  Rs 

R 4  R 3 R 3S O ?  R 3 R 4 

10% KI

Cy®Ar3RB© -------  С у ©  I ® ----- ► C j®(R)4B©

C H 3C N

PHOTOINITIATORS

Synthesis

G eneral m eth o d  o f synthesis o f cyanine dyes [1 8 ,1 9 ], 
alkyltriphenylborates [20], tetraalkylborates [9] and cya
nine borates [9 ,1 0 ]  is presented in Schem e A .

T h e cyanine d y es w ere prepared usin g the con den sa
tion reaction o f the proper esters o f the orf/zo-carbolic 
acids w ith  cy clo a m m o n iu m  salts possessin g  a reactive 
m eth yl g ro u p  [18, 21].

For the stu d y  the fo llow in g  borate anions w ere u sed  
as electron donors:

—  n -butyltriphenylborate (B2), ]
—  sec-butyltriphenylborate (B3), \ Schem e A , A r 3RB"
—  ferf-butyltriphenylborate (B4), J
—  tetra-n-butylborate (B 5 ) .) Schem e A , (R kB"

A r 3 - B 0 - R N © ( C H 3) 4 ( R ) 4B S N © ( C H 3)4

(C H 3) 4N © B i0  (C H 3) 4N ® B r® ‘ 

A r 3 - B © - R L i ®  ( R ) 4B © L i©

A r 3B ( C ,H 50 ) 2* B F 3

R L i

T h e lith iu m  salts o f an a lk y ltr ip h e n y lb o ra te  and  
tetraalkylborate w ere syn th esized  in a reaction o f the 
bu tyl lithium  w ith  trialkylboron or triarylboron, respec
tively. T h e stable alkyltriphenylborates w ere prepared  
b y  the exch an ge o f lith iu m  cation to tetram eth ylam - 
m o n iu m  cation.

H-, C H 30 ,  C 2H 50 ,  C l, B r
s, О s, о

H , C H 30 ,  C 2H 5O , C l, B r

сн=  С - С И Rs

^  R“ R3 R4
H , C l, F, СН з, C H 3O , /  f e y ]  \  v H , C l, F, C H 3, C H 30 ,
C 6H 5, NO->, N H ,, O H  /  \  C 6H 5, N O ,, N H ,, O H

c„ „ 4 . 0  ' O
C 3H 7, C 6H 13 '— '

(III)

o r (R 4)BP
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The exchange o f a h alogen  or ethylsulfate anion in the 
d ye m olecu le to borate anion yields cyanine borate salts.

32  C arb o cy a n in e  an d  th iacarbocyan in e d yes w ere  
syn th esized . Form u la  (III) sh ow s their structures.

T h e structures o f the d yes w ere m o d ified  b y : (t) the 
change o f a heteroatom  X  type (sulfur or o xygen ); (ii) the 
change o f a substituent type in the ph en yl ring and (iii) 
the change o f a substituent R9 in the meso position  of 
p o ly m e th in e  chain  (H , C H 3, C 2H 5). T h e  a b o v e  m e n 
tioned m od ification s o f the d y e  structure g ave the p ossi
bility to ch an ge the spectroscopic properties o f the co m 
p o u n d s stu d ied  and a llo w ed  the exam ination  o f the rate 
o f free radical polym erization  as a function o f free ener
g y  o f activation o f electron transfer reaction in the rela
tively  w id e  range o f its valu e w ith ou t the change o f the 
typ e o f the initiating free alkyl radical.

The spectroscopic and photophysical properties of 
the cyanine borate salts

T h e  flu o re sc e n c e  sp ec tra  o f  th e d y e s  te ste d  are 
rou gh ly  a m irror im age o f the absorption  spectrum . The  
typical room  tem perature absorption  and  em ission  spec
tra (for 3 ,3 '-d ie th y l-5 ,5 '-d ip h e n y l-9 -m e th y lc a r b o c y a n -  
ine) salts in ethyl acetate solu tion  are sh o w n  in Figure 2.

450 500 550 600
Wavelength, nm

The tested thiacarbocyanine d yes sh o w  an intensive  
absorption  ban d  localized  in the range o f 550— 600 nm . 
T h e secon d ban d  is less intense and shifted to the blue  
region  o f the spectrum  b y  abou t 60— 70 n m . O xacarbocy- 
anines depict their absorption ban ds in the range be
tw ee n  4 8 0 — 5 1 0  n m . T h e  p o sitio n  o f the a b sorp tion  
m a x im u m , as it is sh o w n  in Figure 1, does not depen d on  
the type o f a borate anion.

450 500 550
Wavelength, nm

Fig. 1. Electronic absorption spectra of an example of cyanine 
dye recorded in EtAc: 1 —  Cy25B2, 2 —  Cy25B3, 3 —  
Cy25B4, 4 —  C i/25 with different anions (for symbols see 
Table 1)

The m ain  difference observed betw een cyanine and  
its meso an a log u e is reflected b y  the valu e o f the m olar  
ab sorp tion  coefficien t that for a lkyl su bstitu ted  meso 
d yes is a p p roxim ately  one order o f m agn itu d e low er  
than for the n on -su bstitu ted derivatives. It is assum ed  
that this p h en o m en o n  is caused b y  a destabilization of 
the all-frans isom er bein g  a result o f the introduction of 
an alkyl substituent into the meso position  [2 1 ,2 2 ].

Fig. 2. Electronic absorption and fluorescence spectra (re
corded in EtAc) of an example of cyanine borate tested (Cy52): 
1 —  п-ВиРИзВ', 2 —  sec-BuPh3 B~, 3 —  tert-BuPhsB

The fluorescence em ission  in tetrahydrofuran so lu 
tion exhibits a m a x im u m  w hich  is redshifted in com p ari
son  to the absorption  m a x im u m  b y  less than 1000 cm ’ 1. 
The valu e o f the Stockes shift on ly  sligh tly  d ep en d s on  
the type o f a borate anion and is the h igh est for cyanine  
n-bu tyltriph en ylborates. Since the Stockes shift is not 
large and the h alf w id th  o f the absorption  and em ission  
ban ds are a lm ost the sam e, therefore one can conclude  
that the geom etry  o f the d y e  m olecu le  is a lm ost the sam e  
in its grou n d  and its em itting excited states.

THE STRUCTURE EFFECT OF THE PHOTOINITIATING 
DYE-BORATE PAIR ON THE RATE OF POLYMERIZATION

It is w ell k n ow n  that the irradiation o f cyanine borate 
salts w ith visible light results in the efficient sensitiza
tion o f the borate anion and the generation  o f free alkyl 
radicals [10].

CyTR -В(РЬ3)Г — > ICy'l + R’ +Ph,B (1)

This reaction is usefu l for the photoinitiation o f the 
polym erization  o f v in yl m o n om ers. Four various elec
tron d on ors and tw o  different g ro u p s o f electron ac
ceptors w ere u sed  in our study. T h e irradiation o f these  
binary system s w ith visib le light m a y  generate three 
types o f free radicals (n -bu tyl, sec-butyl and ferf-butyl) 
that can initiate free radical p o lym erization  o f triacrylate 
m on om ers. C on sid erin g  the m en tion ed  earlier proper
ties o f cyanine dyes and taking into account the proper
ties o f borate anions one can expect that the efficiency of 
the photoinitiation o f free radical p o lym erization  can be 
affected by:
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T a b l e  1. Measured relative rates of the polymerization —  for cyanine borates tested'1

R3 R3

D y e Z Rs R 6 R9 R 3
1 +  ln  Rf, \ a.u. 

C yB 2
1 + ln  Rp \ a.u. 

C yB 3
1 + ln Rp \ a.u . 

C yB 4
1 + ln Rp \ a.u . 

C yB 5

C y3 S н Н н C 2H s 5.27 4.46 4.57 1.67
C y 4 S н Н С Н з C 2H s 3.75 4.47 3.10 —

С у б S н Н н С 3Н 7 5.22 5.40 2.88 2.71
C y8 S F н н С 2Н 5 5.61 5.37 3.16 3.25
C y9 S С Н з н н С 2Н 5 5.36 5.03 4.93 3.18

C y lO S н С Н зО н С 2Н 5 4.67 5.36 2.80 2.64
C y l l S С Н зО н С 2Н 5 С Н 2С Н 2О Н 3.21 2.15 1.00 2.68
C y l8 О н н н С Н з 5.12 5.65 5.76 1.99
C y l9 о н н н С 2Н 5 5.05 6.01 5.67 2.67
C y20 о н н н С 3Н 7 5.12 1.30 2.48 1.00
Cy21 о н н н СбН1з 5.25 5.51 2.20 1.38
C y22 о С1 н н С 2Н 5 5.43 4.62 6.29 2.51
C y23 о С Н з н н С 2Н 5 4.71 5.22 6.00 3.05
C y24 о С Н зО н н С 2Н 5 3.72 5.25 5.07 —

C y25 о СбН з н н С 2Н 5 5.24 4.19 4.86 —
C y27 о С Н зО н С 2Н 5 C 2H s 3.50 — — —
C y28 о C ćH s н С 2Н 5 С 2Н 5 3.51 3.75 5.47 —
C y33 S н с 2н 5о н С 2Н 5 4.63 2.53 2.92 2.43
C y36 S N O 2 н н C 2H s 5.30 1.38 2.39 2.29
Cy41 о н н С Н з С 2Н 5 4.18 1.29 2.57 2.45
C y45 о н н C 2H s С 2Н 5 5.53 6.06 2.60 —
С у 4 6 S С Н з н С Н з С 2Н 5 3.50 1.00 2.22 2.54
С у 4 7 S С Н з н С 2Н 5 С 2Н 5 3.25 3.55 2.79 1.08
С у48 о С1 н С Н з С 2Н 5 1.88 — — —
С у49 о С1 н С 2Н 5 С 2Н 5 1.17 1.46 2.18 2.29
С у50 S н н С 2Н 5 С 2Н 5 3.95 4.79 3.23 —
Су51 о С Н з н С Н з C 2H s 4.07 3.94 1.69 1.38
С у52 о С бН 5 н С Н з С 2Н 5 3.80 4.14 1.98 2.58
С у53 о C 6H s н С 2Н 5 С 2Н 5 4.06 — 1.86 1.36
С у54 S Н н С Н з С 3Н 7 3.78 2.65 2.43 1.00
С у55 S Н н С 2Н 5 С 2Н 5 3.74 — 2.13 —
С у56 S F н С Н з С 2Н 5 4.29 1.71 2.41 3.07
С у57 S F н С 2Н 5 С 2Н 5 — 4.31 1.86 —
С у58 S О Н н н C 2H s 2.07 1.30 2.85 2.70
С у59 S О Н н С Н з C 2Hs — 4.31 1.86 —
СубО S О Н н С 2Н 5 C 2H 5 — — — —
Су61 S С Н зО н н C 2H s 3.91 3.99 — 1.36
С убЗ S Н С1 н C 2H 5 5.49 6.85 4.40 —
С у 6 4 S Н Вг н C 2H 5 — — — —
С у65 S Н С1 С Н з C 2H 5 3.63 4.97 3.67 3.11
С у б б S Н С1 С 2Н 5 C 2H 5 4.27 5.09 2.88 1.17

' Rp —  the re la tive  rate o f  p o ly m e r iza t io n , s y m b o ls  B2— B5 d e n o te  n-, sec-, fer f-bu ty ltr ip h en y lbora te  salts a n d  tetra -n -bu ty lb ora te , resp ective ly .

(г) the type o f heteroatom in the dye molecule,
(it) the typ e o f su bstituent in p h en yl ring o f d y e  m o le 

cule,
(iii) the typ e o f substituent in the meso position  o f the 

p o ly m eth in e  chain,
(iv) the typ e o f free alkyl radical form ed  from  the 

borate anion.
T h e data illustrating the kinetics o f free radical p o 

lym erization  o f T M P T A  initiated b y  the tested cyanine  
borate salts tested are su m m arized  in Table 1.

T h e sensitivity o f cyanine borate salts d ep en d s on the 
structure o f the d y e  as w ell as on  the structure o f the 
borate anion. This is illustrated in Figures 3 and  4 as w ell 
as is su m m arized  in Table 1.

From  the inspection  o f Figures 3 an d  4 and the data  
su m m arized  in Table 1, it is clear that there is little differ
ence betw een  the reactivities o f the free a lkyl radicals 
form ed . In m a n y  cases the h igh est sensitivity  is observed  
for the system s possessin g  n -bu tyltriph en ylborate (B2) 
or sec-butyltriphenylborate (B3) as an electron donor.
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Fig. 3. Time dependence of heat evolved during argon-laser 
photoinitiated polymerization of TMPTA in MP, initiated by 
selected cyanines tert-butyltriphenylborate: 1 —  Cyl8B4, 
2 —  Cy8B4,3 —  CylOB4 (for symbols —  see Table 1)

Time, s

Fig. 4. The effect of the borate type on the rate of heat evolution 
during argon-laser photoinitiated polymerization of TMPTA 
in MP, initiated by C y9:1 —  Cy9B4,2 —  Cy9B2,3 —  Cy9B3 
(for symbols see Table 1)

It is k n o w n  from  the literature that the efficiency of 
cyanine radicals form ation  d ep en d s on  the structure of 
an alk yl g ro u p  b o u n d  to boron  atom  [10]. G enerally, in 
series in w h ich  the stability o f the form ed  alkyl radicals 
decreases, the q u a n tu m  yield  of the free radicals fo rm a 
tion decreases. Based on  the experim en tally  determ ined  
b y  Schuster [10] correlation betw een  the efficiency of 
free radical form ation  and  the h yd ro g en -carb o n  bond  
dissociation  en ergy o f a lk yl radicals fo rm ed , an d  the 
experim en tally  determ in ed  electron transfer efficiency  
(w hich for the n -b u tyl radical is abou t 1 ), b y  the co m 
parison  one can establish the q u a n tu m  yield s o f sec-bu
tyl and  ferf-butyl radicals form ation . For the tested salts 
the q u a n tu m  y ie ld s o f radicals form ation  for sec-butyl 
and ferf-butyl are 0 .78  and  0 .83 , respectively. This result 
explains w h y  one can observe essentially no influence  
o f the q u a n tu m  yield  o f the radical form ation  on  the 
rate o f free radical p o lym erization  initiated b y  cyanine- 
borate salts (Table 1).

It is also surprising that for the tw o  series, w h ich  g e 
nerate the sa m e type o f free radicals, the rates o f free 
radical polym erization s initiated b y  these salts su bstan 
tially differ (Table 1). O n  the basis o f the data su m m a 
rized in Table 1 one can conclude that the activity of 
investigated  system s in photoinitiation o f free radical 
p olym erization  is controlled by other factors than the 
structure o f co-initiator (anions B2, Вз, B4 or B5). It is also  
w ell d o cu m en ted  that the ph otoch em ical efficiency (f) of 
the initiator affects the kinetics of free radical p o lym eri
zation. Its valu e d ep en d s on the relationship betw een  
rate constant o f free radical escape from  the so lven t cage  
(kSp) and the rate constant o f recom bination o f free radi
cals in the cage (к rec) ■

f = k Si>/ ( k s P +  k m ) (2 )

It sh ou ld  be n oted that observed photoinitiator effi
ciency d ep en d s not on ly  on the structure and geom etry  
of free radicals form ed  but also on the nature o f a m o n o 

mer. In the present stu d y  the cage effect is the sa m e for 
every tested series because w e  u sed the sa m e m o n om er  
(T M P T A ) and so lven t (M P ). In one series o f m easu re
m ents the rates o f free radical p o lym erization  w ere co m 
pared on ly  for one type o f electron d on or (borate). Tak
ing this into consideration, one can con clu de that the 
differentiation in activity o f cyanine borate salts in initia
tion  o f rad ical p h o to p o ly m e riza tio n  results from  the 
structure o f the d ye. A s  it w as m en tion ed  earlier, the rate 
o f photoinitiated polym erization  can be affected b y  the 
type o f heteroatom  in d y e  m olecu le , the type o f an alkyl 
grou p at nitrogen atom , the type o f substituent in ph en yl 
ring and the type o f substituent in the meso position  of 
the p olym eth in e chain.

From  the data presented in Table 1 it is clear that 
activity o f cyanine borate salts in initiation o f T M P T A  
polym erization  indeed  d ep en d s on the structure o f the 
d ye. In a lm ost all cases the h ighest rates o f free radical 
polym erization  are observed for the d y es w ith ou t the 
substituent in the p h en yl ring (R5 =  R ó =  H ). This rela
tionship is observed for both series, i.e. for thiacarbocy-

Hammett constant

Fig. 5. The relationship between the rate of free radical polyme
rization of TMPTA initiated by n-butyltriphenylborate salts of 
oxacarbocyanine dyes and the Hammett's constants; experi
mental points in turn from below to the top: Cl, H, CH3 , 
OCH3 , C6H5
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anine and  carbocyanine d y es. A ls o  the introduction o f  
an e lectro n -w ith d ra w in g  atom s, for ex am p le  chloride  
and flu oride, into the p h en yl ring causes an increase in  
the rate o f p o lym erization  in all tested series. The w eak ly  
activating substituents, e.g. m eth yl, m etoxy  and ph en yl 
g ro u p s, cause a decrease in the rate o f free radical p o ly 
m erization . The rates o f p o lym erization  initiated b y  d if
ferent borate salts o f the selected cyanine d y e  w ith  differ
ent su bstituent in N - 3 position  are very similar. A ll these 
observations can be easily illustrated b y  a p p lyin g  the 
classical H a m m e tt 's  relationships sh o w n  in Figures 5 
and 6.

Hammett constant

Fig. 6. The relationship between the rate of free radical polyme
rization ofTMPTA initiated by n-butyltriphenylborate salts of 
thiacarbocyanine dyes and the Hammett's constants; experi
mental points in turn: 1 —  H , F, N02, Cl; 2 —  CH3 , OCH3 , 
OC2H5 , OH (two dyes have the same substituent OCH3 but 
in different positions: as R5  or Re)

The typ e o f substituent in meso position  o f the p o - 
lym eth in e chain stron gly  affects the rate o f free radical 
p olym erization  in all tested series. The disturbance of 
coplanarity o f the electron acceptor m olecu le  (cyanine  
dye) b y  the introduction  o f m eth yl or ethyl grou p  into  
the meso p osition  (R9) o f the p olym eth in e chain causes a

Dye

Fig. 7. The effect of the R9 group [see Formula (III)] on the 
relative rates of an argon-laser photoinitiated polymerization 
of TMPTA in MP, initiated by selected cyanine n-butyl- 
triphenylborates; 1 —  H , 2 —  CH3, 3 —  C2H5

distinct decrease in the rate o f ph otoinitiated p olym eri

zation. The relationship is sh o w n  in Figure 7.
It w as also fo u n d  that the p olym erization  rates, re

corded u sin g  the thick layer technique, indicate the con 
version o f m o n om er in the range from  3 %  to 2 0 % , w h ile  
the q u an tu m  yields o f p h otop olym erization  oscillate be
tw een 20 and 60 for alm ost all tested series (Table 2). The  
exception is the ion  pair m arked  as СубЗВЗ sh o w in g  the

T a b l e  2. T h e  q u a n tu m  y ie ld  (Ф ) a n d  d e ą r e e  o f  m o n o m e r  c o n 
v e r s io n  f o r  s e le c te d  p h o t o in it ia t in g  io n  p a irs  *

C y X
Dye

Conver
sion of 

monomer 
CyB 2, %

Conver
sion of 

monomer 
CyB 3, %

Conver
sion of 

monomer 
CyB4, %

Фро1утег
CyB 2

Фро1утег
СуВЗ

ФрЫутег
CyB4

C y3 5.67 — — 24.86 — —

Суб 3.49 4.61 — 22.92 33.06 —
Cy8 4.39 3.32 — 28.89 21.86 —
Cy9 3.41 4.22 3.82 9.29 23.78 8.14

C ylO — 6.39 — — 29.67 —
Cy36 4.42 — — 21.81 — —
Cy63 5.30 12.42 — 27.91 122.45 —
C y l8 12.11 21.70 13.34 23.88 48.91 35.07
C y l9 — — 17.29 — — 31.71
Cy45 8.78 20.74 — 26.64 56.40 —
C y21 14.76 12.30 — 32.33 19.80 —
C y22 — — 7.46 — — 20.27
Cy23 — — 4.70 — — 14.81
Cy25 7.23 — — 17.82 — —

' F or s y m b o ls  o f  the d y e s  see  T able 1.

fastest initiation rate o f T M P T A  p o ly m erization  w ith  
q u antu m  yield  o f p o lym erization  o f abou t 122. It w as  
also fo u n d  that the degree o f the m o n o m er conversion  
d ep en d ed  on the structure o f the photoinitiator. The  
highest degrees o f m o n om er conversions w ere reached  
w h en  the polym erization  o f T M P T A  w a s photoinitiated  
b y  cyanine dyes w ith ou t the substituents in the ph en yl 
rings for all the carbocyanine d yes tested.

C O N C L U S IO N S

Butyltriphenylborates as co-initiators form in g  w ith  
cyanine d yes ion  pairs can be u sed  for v isib le-ligh t-in 
d u ce d  p o ly m e riza tio n  o f acrylates. T h e  co m p ara tiv e  
analysis o f the rates o f the p olym erization s ph otoinitia
ted b y  cyanine-borate salts sh o w e d  that the activity of 
the photoinitiation o f free radical p o lym erization  b y  cya
nine borates on ly  slightly  d ep en d s on  the reactivity of 
the bu tyl radical form ed . H o w ev er , it stron gly  depen ds  
on the structure o f the cyanine d ye.
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