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Al~tract 

The photoinduced polymerization activities of 19 novel substituted 4'-(4-methylphenyhhio)benzopl,,enones (ol-4"-(,.t-tolyl:thiov 
benzophenones) were determined and compared with that of the unmbstituted derivatb,-e itself in different monomers and prepolymers,,.,.iv~. 
real-time infrared (RTFTIR) and pencil hardness methods. Absorption. fluorescence and phosphotx'scenee analyses, as well as pho~ofech~,,io~ / 
photolysis studies, were undert~'en on the compounds, aucl the data were related to the photopolymerizatio|! activities. Solvem shift 
on the ab~rption maxima of all the compounds indicate the pre~nce of a long-wavelength singlet wn'* stale with mine nzr* e ~ e r .  The 
absorption maxima of the bistolylthio, amino, ehloro and nitro derivatives are more red shifted than those of the simpler alkyl, alkoxy, phony] 
and phenoxy de~vatives. Fluorescence and phosphorescence analyses indicate a high rate of intersystem crossing to the ttipi¢'~ stme. TI~ 
fluorescence emission maxima are markedly red shifted with increasing solvent polarity, indicating that the lowest excited singlet sta~:exhib~s 
a high degree of charge transfer eharacter. The lowest excited triplet state of all the 4-substituted 4-tolylthiobeazophenoaes is essentially a 
er;'r* configuration, with some n,rr* character, as i~ldieated by the phosphore:.:cence litbtime data. The Iow~t excited triplet stale of ~e  
unsubstituted derivative, on the other hand, is essentially ~',~ in character with a longer emigsion lifetilrse and a lower q,,.matum yield. The 
emission maxima are independent of the nature of the substitution, indicating the presence of a rigid molecular structure. The larteris confrontal 
by the observation of very high phosphore~ence quantum yielas. The bistolylthio derivatives exhibit ~oaet  phosphorescence emission 
lifetimes, indicating that their lowest excited triplet state is n'a'* in nature. The triplet 'mr* character of the amino derivatives is indicated by 
their increased emission lifetimes. The electron-withdrawing effect of the chloro and nitro groups markedly reduces the phospimresce~e 
quantum yield. These effects are accounted for by the relative spacings of clo~-Iying lowest excited singlet tta'* and ,~ond excited triplet 
nn'* states controlling the competitive processes ofimemal conversion and in'tersystem crossing. Compared with the u nsu~tituted 4- tolylthio 
derivative, all the alkyl-, alkoxy-, phenyl- and phenoxy-substimted derivatives exhibit higher activities as photoinitia~ors in the ak.;ence of an 
amine eosynergist. Lengthening or broadening of the alkoxy substiment also gives rise to an increased photoinitiation activity, whereas alkyl 
groups are less effective. The presence of an amine cosyncrgist enhances photocuring, giving rise to variable effecls doper.cling on the nature 
of the triplet exciplex interaction. The bistolylthio derivatives exhibit the highest photoinitiation activity, whereas the d-nitro group has a 
marked deactivating effect. The presence of the 4,-amino group also enhances the photoinitiation activity, but only by RTvr IR measutementg 
The photoreduction/photolysis rates of all t;le 4-substituted derivatives are greater than that of the unsubstituted derivative and show 
relation to the nature of the lowest excited triplet state. 'lhe photopbysieal and photochemical data are discussed in relation m the relative 
photoactivities of the compounds a.,; photoinitiators for curing acrylated multifuactional monomers. © 1997 Elsevier Science S,A. 

Ke3~'ords: MethylpMnylthlobeazophenones: Photochemistry; Photolnitiamrs: Photopolymefi,,,atioe 

1. Introduction 

1he increasing market drive lbr better photoinitiators for 

coatings technology can be answered only by improving our 
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knowledge of the mode of  action of photoinitiators raider 

various conditions l 1,2]. Over the years, there has been con- 
siderable interest in aTomatie carbonyl systems containing 

thin functionalities [3-9].  For example, the 4-tv~thylthio 
derivative of benzophenone exhibits increased phov~curing 
activity over that of benzophenor~, which is associated with 
its red-shifted absorption and lower triplet slate ~ctivity 
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towards ~he monomer in terms of the hydrogen atom abstract- 
ing ability 18,91. In addition to the hydrogen atom abstraction 
reaction to form a ketyl radical, these types of compound may 
undergo photolysis reactions at the C-S bond. These reac- 
tions are equally applicable to keto-sulphoxide derivatives 
[31 to produce alkyl and stdphoxide radicals. Direct scission 
at the aryl-S bond is also feasible to produce aryl and thin 
radicals [31. Recen~.ly, we presented studies on the effect of 
different alkylthio and phenylthio groups on the photopoly- 
merization activiv 3 of the benzophenone ehromophnre 
[ I0,11 ]. Increased absorption maxima and the formation of 
aryl and ketyl radicals v, ere primarily responsible for the 
enhanced activities. The phenylthio derivatives were also 
tbund Io exhibit strong synergism with a tertiary amine. 

in view of the fact that the structure and electron density 
appear to play a crucial role in influencing the excited state 
activity for photocuring, we have examined the photopoly- 
merizetion/photocuring activities of 19 novel substituted 4- 
methylphenylthio (or tulylthio) and bis(methylphenyl- 
thio)benzophenones, Here the phenyl group (or groups) is 
linked to the benzophenone chromophore via a freely rotating 
C--S bond. The structures are compared with the activities. 
The activities are related to the photochemical and spectre- 
sct~ic properties, and the data are compared with those of 
the unsubstituted 4-( 4-methylphenylthio ) benzophenone as a 
~ferenee system. 

2. Experiment~ delails 

23.  Materials 

All solvents, diethylethanolamine, methyldiethanolamine, 
benzophenor~e and quinine sulphate were obtained from 
Aldrich Chemical Co. Ltd., UK and were of analar, speclto- 
sc~pic or high performance liquid chromatography (HPLC) 
g r a ~  quality. The alkyt-, atkoxy-, phenyl- and phenoxy- 
substituted 4-methylphenylthiobenzophenones are shown in 
Scheme I (structures 1-12), the three his(tolyl)- 
benzophenones in Scheme 2 (structures 13-15) and the 
amino-, chloro- and nitro-substituted 4-methylpbenylthio- 
benzophenones in Scheme 3 (structures 16-20). Two of the 
compounck, $ and 20, are not tolyl derivatives. These com- 
pounds were supplied by Great Lakes Fine Chemicals Ltd., 
Widnes, UK. All the compounds were chromatographically 
l~re and had verified elemental C, H and S analysis. 

Rz O 
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Scheme B. Struccure~ 16-20: 4-amino-, ch]oro- and nitro-,~ubstemted 4 ' - (4-  

methyl phenyl th io  i benzophenones .  

2.2. Spectro.~copic measurements 

Absorption spectra were obtained using a Perkin-Elmer 
Lambda 7 absorption spectrometer. Fluorescence and phos- 
phorescence excitation and emission spectra were obtained 
using a Perkin-Elmer LS-50B luminescence spectrometer. 
Fluorescence quantum yields were obtained by the relative 
method using quinine sulphate in 0.05 M sulphuric acid as a 
standard [ 12]. The quantum yield of quinine sulphate was 
assumed to be 0.55. Phosphorescence quantum yields were 
obtained in ethanol at 77 K in liquid nitrogen u sing the relative 
method with benzophenone as a standard, assuming a quan- 
tum yield of 0.74 in ethanol [ 12 l. Clear glasses were obtained 
in absolute ethanol. All spectra were corrected using a Per- 
kin-Elmer IBM-compatible GEM package with an appropri- 
ate built-in correction factor for this purpose for the 
photoresponse of the photomaltiplierand optics. Blank meas- 
urements were obtained on the solvents alone to cor~ct for 
Roman scatter and were subtracted from the original sample 
spectra. Phosphorescence lifetime measurements were 
obtained under the same conditions (77 K) using benzophe- 
none as a standard for lifetime comparison (6.0 ms). In these 
conditions, the influence of oxygen diffusion will be insig- 
nificant. Measurements were obtained using GEM software 
and by electronically gating the emission signal decay, taking 
into account the phosphorescence lifetime and delay/gate 
widths in the data acquisition. 

2.3. Photorednction quantum yields 

The absolute quantum yields of photolysis (&,) of the 
initiators wet: ,.L'zermined in acetonitrile at !0-  5 M using an 
irradiation wa, e~,g~.h of 365 nm~ selected from a Philips 
high-pressure Hg larrp ( HB-CS 500 W) and a Kratos GM252 
monochromator. Sample cells were thermostatically con- 
trolled at 30 °C and the solutions were nitrogen ( less than 5 
ppm Oz) salumted. The absorbed light intensity was meas- 
ured using an International Light model 700 radiometer pre- 
viously calibrated with Aberchrome 540 [ 13,14]. During the 
early stages ofi~radiation, because of the interference of prod- 
uct formation with the quantum yield measurements, only 
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subsequent photolysis rates could be measured against the 
light intensity for the range of compounds. 

2.4. Real-dme infi'ared (RTFT1R) measuremems 

The initiators were dissolved in a minimum quantity ( 2-3 
cm "~) of tetrahydrofuran, followed by mixing with a pre- 
polymer, Actilane 420 (ethoxylated bisphenol-A-dimeth- 
acrylate) (Akcros Chemicals, Eccles. Manchester, UK) 
(0.(901 M). Traces of solvent were then removed by flushing 
with argon for 30 rain, followed by the addition of I% w/w 
of the co-initiator p-ethyl-4-(dimethylamino)benzoate 
(EDB) (Great Lakes, Widnes. UK). 

The resin was placed between pieces of low-density 
polyethylene using a separator to give a film thickness of 100 
p.m, The polyethylene holder was placed on a specular re flee- 
lance unit directing the sample beam into the grating system. 
Two polyethylene film samples were used as reference, The 
decrease in absorbanee at 1638 cm~ ' of the vinyl absmption 
hand was monitored with a Nicolet FTIR spectrometer in 
real-time mode during irradiation using a fibr,': opfic arrange- 
ment (8 mm aperture). The irradiation soacce used was a 
Macam 100 W high-pressure Hg lamp. Plots of percentage 
conversion vs. time were obtained, from which second plots 
of moles per litre vs. time in seconds were obtained. From 
the initial slopes of the second plots, Rp values (mol I ~ s ' ) 
were obtained. 

2.5. Cvmmercial curing 

The photoinitiators (2% w/w) and methyldiethanolamine 
(3% w/w) were dissolved in a resin formulation made up of 
55% Photomer 3148 (epoxy acrylate oligomer). 20% tripro- 
pylene glycol diacrylate and 25% trimethylol propane tri- 
acrylate from Akcros Chemicals Ltd., Manchester, UK, The 
cure speeds of the formulations, coated at 12 ~m thickness 
on glass slides and cured to give a pencil hardness of 2H, 
were assessed using a single 80 W cm- ~ tube Minicure Unit 
(Jiga and Lamps Ltd., UK). This is a simple test whereby 
the coating is cured such that it is able to be scored by a 2H 
grade pencil [ 1,21. The cure rates were assessed by the belt 
speed for effective cure. 

itiation activity, whereas alkyl groups are less effective, The 
former effect is associated with the enhanced so|ub;li~y of fine 
compounds in the resins, In Table 2, the Ns~olyhhio deriva- 
fives exhibit the highest photoinifiafion aeti'¢iW under bo~h 
photacaring conditions. Substitntion by 4-amino groups a~m 

Table 1 
Photopolyrncrizazion (R'I'I-'rlR) (in &czilanc 420t aE1 phomczm~g fie, 
epoxy aeryhle) data with 3- and ..bsub~tilu~d 4 ' - t o i y k N o h o n z o ~  
as initiators 

Compound Pho~ocufing ~ I:'ho~ol~l.yre~ri ~at io~ (RTF~R) 
(ramin ~) g f ( m o l d r a  3s ~l 

Without amine Whh amine 

I 3.7 0.86 3.'/7 
2 4.7 1.93 6.91 
3 7.7 1.71 3.9"2 
4 5-2 0,91 4.53 
5 4.7 1.33 5_11 
6 7_7 1,63 3.(~ 
7 5.4 1.34 5.57 
8 6.2 1.77 6.45 
9 7.7 1.98 4.39 

tO 4.7 1.49 2.8 I 
I t  69 2.03 4.83 
12 7.7 2.13 3.85 

_ a: w/c, methyldtelhaaolarai~ ( dala ± 0.,). 
h 1% W lW p"ethyl-4-(dimethylamino) benloate (EDB) (data ± 0.05 L 

Table 2 
Photopolymerization { RTFTIR) ( in Actihme 420~. and ph~,,,..'curing ( i~ 
epoxy acrylate) dala with histolyllhiobenzopbenones a.s initial~cs 

Compound Pholocuring ~ Photopolymeriza~ion { R'TFTIR~, 
immia ~l ) R,l' (tool din- 3 s -~ } 

Without amine With amine 

13 8.9 2.32 3.74 
14 8. t) 3.36 3,38 
15 7.7 2.00 3.88 

"2% v,, / w methy idielhanolamine ( data 4- 0.05 ), 
~1% wtw p-ethyl-4-I dimethylaminolbcntoate (EDB) (dala±O.2). 

3. Results and discussion 

3.1. Photocuring and photopolymerizadon 

The photopolymerizatioa and photocuring data using 
RTFTtR and pencil hardness for compounds 1-12, 13-15 
and 16-20 are shown in Tables 1-3 respectively. In the first 
instance, for RTFTIR in the absence of an amine, i~ can be 
seen that all the substituted 4-methylphenylthio derivatives 
(2-12) exhibit a higher photoactivity than that of the unsub- 
stituted derivative (1) (Table I ). This trend is also reflected 
in the photocuring data from the pencil hardness results. 
Under RTFTIR conditions, the addition of a tertiary amine 
results in enhanced synergism, except for the e thoxy (6) and 
iso-amyloxy (10) derivatives. Lengthening or broadening of 
the alkoxy substituent also gives rise to an increased photoin- 

T~bl¢ 3 
Pholopolyme,'izafion (RTFI"IR) (in Acfilarg. 420) and ph~oc~risg 
tin epoxy acrylate) data with 4-amiao.. chioz~o- and niL, X~su "b,v.Rutcd 
4'- q 4-met hylphcny hhil~ }benzophcnor~s a.,~ initiazors 

Compound Photocuring" Ph~o~iyn~rization (RTFTIR) 
1ramie '~ Rp~'(motdm-~ s -~ ) 

Without amine With ami~ 

16 3.3 1.95 4.6J 
17 2.4 1.52 1.82 
IS 3.7 2.2t 2.75 
19 3.0 .1.95 5.46 
ZO < 1.0 0.22 0.91 

"2% w/w mcthyldiethai~olamine (data+O.OSL 
h ' I  1% W/W p-ethyl-4 -( direct hylamioo ) benzoate ( EDB ) ( data -I- 0.~ ). 
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Table 4 
Abso~ioa pmlmlies of 3- and 4-substitu*.ed 4 '-tolylthiobe nzophenones in different solvent media 

C ~ p ~ m d  Cyclohexm~ Chloroform Ethanol Acetonittile 

. ~  log • ~ log • Am~ log e A.~ log • 

I 313 4,23 319 4.13 315 4.23 311 4.22 
2 313 4.28 317 4.26 314 4.00 311 4.29 
3 307 4.27 317 4.25 313 4.33 313 4.32 
4 303 4.32 309 4.31 313 4.35 307 4.25 
$ 313 4.31 318 4.29 316 4.21 312 4.34 
6 304 4.37 315 4.25 313 4.43 307 4.31 
"/ 304 4.33 313 4.24 313 4.33 306 4.42 
8 304 4.36 313 4.25 313 4.30 307 4.60 
9 304 4.22 2991313 4.3114.32 313 4.38 302 4.3 I 
1§ 305 4.33 3 L3 4.40 313 4.34 307 4.25 
I1 313 3.92 305/317 4.34/4,35 313 3.81 313 4.43 
12 313 4.32 300;313 4.27/4.31 313 4.26 310 4+33 

I.,~ e is +0.01. 

Tabte 
Alyso~on prq~aies of bistolytthiobenzophenones in differen! ~lvent media 

Compound Cyclol~xane Chino form Ethanol Aeetonitrite 

A~ [og e /tr~ log e ~.~ tog e A=.~ log • 

13 320 4.36 329 4.48 327 4.39 320 4.61 
14 317 4A1 324 4.27 321 4.31 317 4.34 
I[ 320 4.39 .~28 4.28 325 4.t9 321 4.49 

Log e is + 0.nl+ 

Table 6 
Ahso~en properties of 4-amino.. chloro- and nitro-substituted 4'- (4-methylphenylthio) benzophenones in different solvent media 

Compound Cyclohexane Chloroform Ethanol Acetoni~le 

log c A~, log e A,~ log e ~ log ¢ 

16 317 4.31 322 4.39 320 4.29 314 4.28 
17 334 4.36 313/355 4.22/4.45 312/359 4.07/4.35 351 4.37 
ig 326 4.38 339 4.23 340 4.36 331 4.44 
19 317 4.01 324 4.24 321 3.93 314 4.43 
29 329 4.13 335 4.01 331 4.09 324 4.14 

Log eis +O.Ol. 

enlmaces photocuring, but oniy under RTFI'IR conditions 
(Table 3). On the other band, substitution by a 4-nitro group 
slrongly deactivates the molecule towards photoinitiation 
activity for curing. 

3.2. Spectroscopic properties 

The absm'ption maxima and extinction coefficients (log- 
arithmic) of compotmds 1-12,15-15 and 16-20 are given in 
Tales  4-6 respectively for a range of solvents, The absorp- 
tion maxima of the 3- and 4-substituted 4'-tolylthiobenzo- 
phenones are similar and not significantly influenced by the 
nature of the substitutima. The wavelength maxima exhibit 
high logarithmic values (above 4.0) and undergo a small red 
shift from cyctohexane to chloroform and then a blue shift in 

ethanol ar~ ,..,nit.rile. This is indicative of a ~ t~lsition 
with stroi;,~ ~ :  character. The extinction coefficients of 
compounds 2 12  are higher than that of compound ! in chlo- 
roform anti acet, mitrile. In relation to a UV curable formu- 
lation, thi~ effect may contribute to the higher photoactivity 
m compounds 2-12 compared with that of compound 1. 
Substitution of another 4-methylphenylthio group into the 
adjacent ring of benzophenone to give a bistolylthio structure 

leads to a red shift in the main absorption maximum above 
317 nm due to increased election donation via the sulphur 
atom. This accounts for the increased photoinifiation activity 
during phot~cnring compared with compounds 1-12. There 
is again a variable red/blue shift in the absorption maxima 
with increasing solvent polarity, indicative of a strongly 
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Table 7 
P--luor~c~r~¢ properties of 3- and 4.-substituted 4'-tolylthiobenzophenones in different solvents 

Compouna Cye[ohexane Ethanot Acet~iu~ 

1 343 0.0007 491 0.00|3 
2 344 0.0008 488 0.0049 505 0.0015 
3 345 0.0008 490 0.0016 485 0 . ~ 2  
4 345 0.0011 480 0.0015 465 0 . ~  
5 344 0.00~ 469 0~0017 469 O,OOff7 
6 345 0.0006 485 0.0009 483 0.0017 
7 344 0.0007 484 0.0015 489 0 . ~  
8 345 0.0009 497 0.0019 491 0.0~¢a 
9 345 0.0006 497 0.0012 499 0.00|4 
10 345 0,0007 485 0.0015 438 0.0017 
11 361 0.0120 489 0.0068 506 0 . ~ l  
12 M5 0.0009 490 0£,O21 499 0.0017 

t;t~v: 4-0.0001. 

Table 8 
Ruo~cence properties of bislolyllhiobenzophenones in different sclven~ 

Compound Cyclohexane Ethanol ~U'i/e 

13 362 0.{I~06 492 0.0021 5~5 0.0Or3 
14 386 0.0006 475 0.0018 487 0 . ~ 4  
I[i 386 0.0015 478 0.0013 495 0,00"[5 

¢~: -)-0.0001. 

Table 9 
Fluorescence [ncVerties of 4.-amino-, elgoro- and nitro-substituted 4'-(4-methylphenylthio) benzophenoncs in different solvents 

Compound Cyclohexane Ethanol 

16 345 0,(]009 508 0.00'20 507 0.0038 
17 467 0.0092 497 0.0040 503 0.00 [ 1 
18 447 0.0013 458 0.0034 ~04 0.0~9 
19 386 0,0045 490 0.0077 510 0.OQ|8 
20 383 0.~030 394 0.0020 3~0 0,~05 

~:  -)=0.000 L 

mixed n : - # ~ *  state. The extinction coefficients of com- 
pounds 13-15 are slightly higher than those of the substituted 

tolyithio de~wJtives 1-12. The #-amino-, cMoro- and ni~'o- 
substituted compounds 16-20 also exhibit absorption max- 
ima red shifted relative to that of the unsobstituted and 
substituted compounds 1-12 (Table 6). For the amino and 
ehloro derivatives, this contributes to their enhanced photoin- 
itiation activity by RTFTIR. In the presence of an amine 
cosyuergist, the effects are complicated by intumolecular 
competition for triplet exciplex formation with the benze- 
phenone ehromophom. The inactivity of  the 4-nitro-substi- 
tuted compound (20) may b~ ;,~-ociated wi',htheintroducdon 
of a weak, low-lying, ch~rb~' ::_,,e~t'er s~,e, which influences 

the relative positions of the s!nglet and triplet energy levels, 

thereby affecting the inte~ystem crossing rate. 
Luminescence analysis of the 4 - m ~ y l p h ~ y l ~ o -  

phenone structures 1-12, 13-15 and 16-20 indicams weak 
fluorescence, as shown in Tables 7-9 respectively.'l]ds indi- 
cates a high rate of  intersystem crossing to the ~ple t  slate a t  
rapid internal conve:-sien. For all the compounds, except the 
4-nitro derivative (20), the fluorescence emission maxim~ 

markedly red shifted with increasing solvent Ix~, 
indicating that the lowest excited singlet slate exldldts a high 
degree of charge transfer character. The e m i s : ~  maxima of 
the 4'Jdstolylthio ( 13-15 ) and ~ and 4-.¢Ido¢o (16- 

19) derivatives are red s h i f ~  from those o f ~  1 -  
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12 due to the strong electron-donating effects of the substit- 
uents. The fluorescence quantum yields of compounds 16- 
19 are also marginally higher. The fluorescence emission 
maximum oftbe 4-nitro derivative is blue shifted from those 
of the 4-amino derivatives and insensitive to the solvent 
polarity. This may be associaled with the formation of a rigid 
charged donor-acceptor structure. 

The phosphorescence emhsion maxima, quantum yields 
ant[ lifetimes for compound:, 1-12. 13-15 and 16-.20 are 
shown in Tables !0-12 respectively. The lowest excited trip- 
let state of all the 4-substituted 4-tolylthiobenzophenones in 
Table 10 (2-12) is essentially a rrTr* configuration with 
some n'n ~ character, as indicated by the phosphorescence 
lifetime data. The lowest excited t~plet state of the unsubsti- 
rated derivative, on the other hand, is essentially ~r'tr* in 
character with a longer emission lifetime and lower quantum 
yield; hence its lower photoinitiation activity for curing. The 
emission maxima are independent of the nature of the sub- 
stitution, indicating the presence of rigid molecular struc- 
tures. The latter is confirmed by the observation of very high 
phosphorescence quantum yields, which in the case of com- 
pound 4 approach unity. The bistolylthio derivatives 
(Table 11 ) exhibit shorter phosphorescence emission life- 
times, indicating that their lowest excited triplet state is essen- 
tially nTr* in nature, and this is consisten~ with their enhanced 
photoinitiation activity. The triplet ~'~'* character of the 
amino derivatives is indieat,'d by their increased emission 
lifetimes, with intermolecular exciple~ formation with them- 
selves being responsible for the increased activity in the 
absence of an amine cosynergist. The electron-withdrawing 
effects of the chloro and nitro groups markedly reduce the 
phosphorescence quantum yields. The increased photoinitia- 
finn activity of the 4-chloro derivative may be associated with 
• :ompetitive photolysis reactions involving, for example, 
dehalogenation. 

The above phosphorescence data can be accounted for by 
the relative spacings of close-lying lewest excited singlet 

and second excited triplet n'n'* states controlling the 
competitive processes of i~temal conversion and intersystem 
crossing. By constructing an energy level diagram with the 
aid of earlier ct'~ta on benzophenone [ 15], and taking com- 
pound 4 as a :.::,~e in point, it is noted from Fig. ] thai the 
level of the ~nTr ~ state is just below that of the ~rar* state. In 
this case, rapid deactivation lrom the first excited ~w~r* state 
by intersystem crossing ~o the'~nlr* state is strongb favoured 
by two factors: (a) the small size of the potential energy gap 
between the two states and (b) the fact that the crossing 
involves states of differing confguration. This a~ounts for 
the very low fluorescence quantum yields of these com- 
pounds. Following efficient intersystem crossing to the 
3nrr* s~:e, f,::',~.:; rapid deactivation occurs within the triplet 
manifold to the ~¢r* state. At this point, however, further 
radiati~nless deactivation to the ground state is inefficient on 
both ma~q)lieity and configuration grounds [16], and 
explains die substantial quantum yields and relatively long 
li,%fimes of phosphorescence of these derivatives. In the case 

Table l0 
Phosphorescence properties of 3- and 4-substituted 4'-tolyhhiobenzo- 
phenones in ethanol 

Compound ) t ~  ~ z (ms) ~ 

I 443. 470 0.14 68.9 
2 443, 468 0.31 20.4 
3 443, 467 0.49 25,8 
4 44 l, 463 0.99 34.7 
5 445,469 0.23 33. I 
6 439. 464 0.18 23.2 
7 441,463 0.88 233] 
8 .4AS, 460 0.32 24.4 
9 442,464 0.OO 29.3 
tO 443,466 0.62 23.9 
| l 448.469 0.66 25.7 
12 445,467 0240 23.0 

~±0.01. 
"±O,L 

Table l I 
Phosphorescence properties of his|otylthiobenzopheaones in ethanol 

Cnmpoand A,~ ~bp ~ .r (ms)" 

13 444, 474 0.30 14.2 
14 451.476 0.17 19.6 
15 440, 470, 505 0.56 I 1,0 

~.t:0.01. 
"±0A. 

Table 12 
Phosphorescence properties of 4-mninn., ehloro- and nitro-~uhstituted 
4'-(4-methyiphenylthio I beuzophemmes in ethanol 

Compound h,~=, #~,." "r ( ms)" 

16 449, 476 0.37 20. I 
17 494 0.46 72.3 
18 466. 485 0.24 49.3 
19 445,472. 506 0.03 27,R 
20 445,469 0.OI 35.0 

'±0 .01  
"4-0.1. 
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o 
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Fig. I. Energy level diagram fur compound 4 in ethanol, 

of the 4--chloro and 4-nitro derivatives, the energy of the 
lowest t~It* state is reduced and, for compound 20 in Fig. 2, 
is seen to be isoenergetic with the corresponding 3n.~* state. 
In this case, the rate of intersystem crossing is significantly 
reduced and deactivation is more likely to occur via internal 
conversion from the ~ r *  state. 
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Fig. 2. Energy level diagram for compound 20 in ethanol. 

3.3. Photoreduction/photolysis 

The photolysis of the compounds in acetonitrile in the 
presence of an amine (diethylethanolamine) leads toprodnct 
formation which interferes in the initial absorption measure- 
ments, However, during the later stages of irradiation, 
photolysis rates can be measured and these are compared in 
Figs+ 3-5. It is interesting to note that anumber of compoands 
undergo rapid photolysis, with the substituted compounds 2- 

12 being more readily pho~otysed than compou~l 1. Th~s 
correlates with their increased [~hoto~nitiark~ activities 6m'- 
ing caring and is consistent with their more active 3n'rr* sta~es. 
Compounds 13-15 phototyse at a much fasg'r rate ~ 1- 
12, with the rates following Ihe trend I$> 13>14 (Hg.4). 
The latter correlates closely with the cones[m~fing p h ~  
rescence lifetimes ( 15 < 13 < 14) and is consistent win ~e 
increasing ~n~r* character of the lowest excimd ~pte~ s¢~. 
Compounds 16 and 19 also exhibh short lifetimes and h~gh 
photolysis rates, whereas compounds IS ~ 17 have 
phosphorescence lifetimes and slower pho~ysis r'~es 
(Fig. 5). These derivatives, like the aJky[thio dcfiv~v~can 
therefore undergo direct photolysis via the excig'd s~rglet 
state to give 4-methylphenylthio and dry[ radicads [ 3]. Weak 
ketyl radical formation has also been observed, but to a much 
lesser extent than that for benzophenone [ lO, I 1]. 

4. Conclusions 

Absorption spectra and solvent shift studies of the com- 
pounds under investigation indicate the presence of a !o~- 

O.N 

O,N L 

Abs, 
Abs+ o.e~ 

O,N 
i 

0,1M [ 
0 . 0 ~ - ~  

~ 2 

~G 

G.OOE.O0 1.gOE.~ 1 . ~ E . ~  2 . ~ . ~  ZfJ~e.-ml &l~[.~ll 

Fig. 3, Relative photolysis tales (absorbanee change) of eompou~s t -12  at 365 am (eimCein s ') in acetanitr/le solvent (10 -5 M) in the presence of  
4 N,N-dielhy[e:ha nolamine ( 1U - M). 

1 

o I L ~ - .  
% 
: '13 
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~,, i+ is 

0.9,l . . . . . . . . .  

LME.I,~I l,gel~07 '~g~[4)7 3vlll~-g7 ~ %.ellF.-t~ ~ ?.NF.Aff $.(IqF.-87 

if.-1 ) 

Fig. 4. Relative phololysis rates (absorbDnce change) of compounds 13-15 at 365 nm (einsmia s - t ) in acvtoniuile solvenl ( 10 - ~ M) hi the I~esence of  
N,N-d~elhylelhanolamine ( 10-4 M). 
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Fig. 5. Relative ph~tolys[s rates lub~orbunce ch~mge) o1" compounds 16-20 at 365 nm {einslein s- ~ l in aceLonitfi[e solv~:nL ( ILl ~ M)  i, the pp:scnce of 
,~,N-diethylethanolamine I IO ~ M ~, 

wavelength singlet ~,tr* (charge ~ransfer) s~ate with some 
n'n '~ character. Compared with the unsubstituted 4-tolyhhio 
derivative, all the alky]-, alkoxy-, phenyl- and ph~noxy-sub- 
stituted derivatives exhibit higher activity as photoinitiators 
iri Lhe absence of an amine cosynergist. Lengthening or broad- 
ening of the alkuxy suhstituent gives rise to increased pho- 
toinitiation activity, bat alkyl groups are l~ss effective. The 
p~sence of an amine cosynergist enhances phozocuring, giv- 
ing rise to variable effects depending on the nature of the 
triplet excip|ex interaction, The bistolylthio derivatives 
exhibil the highest photoinitiation activity, whereas the 4- 
nitro g~oup has a marked deactivating effect. The presence 
of the 4-amino group a i ~  enhances the photoinitiation activ- 
ity. The fluorescence emissioz, maxima are markedly red 
shifted with increasing solvent polarity, indicating that the 
lowest excited singlet state exhibits a high degree of charge 
transfer character. The lowest excited triplet sta~ c f  all the 
4-subs6tuted 4-tolylthiob~nzophenones is essentially a ~"rr* 
configuration, with son'.c n-# ~ character, as indicated by the 
phosphorescence lifetime data. The lowest excited triplet 
state of the unsahstituted derivative, or, ',he other hand, is 
essentially ~ in character, explaining iLq reduced photo- 
activity. The phosphorescence emission maxima are [nd~- 
pendent of the nature of the substitution, indicating the 
presence of rigid molecular structures. The latter is confirmed 
by the observation of vevj high phosphorescence quantum 
yields, with compound 4 approaching unity. The bistolylthio 
derivatives exhibit shorter phosphorescence emission life- 
times, indicating that their lowest excited triplet state is n,n'* 
in nature. The electron-withdrawing effects of the chloro and 
nitro gro,~ps markedly reduce the phosphorescence quantum 
yields. These effects arc accounted for oy the relative spac- 
ings of the close-lying lowest excited singlet rrt~* and second 
excited triplet n,n ~ states, controlling the competitive pro- 
cesses of internal conversion within the singlet manifold and 

intersystem crossing within the triplet manifold, The photo- 
reduction/photolysis rates of all the 4-substituted derivatives 
are greater than that of the unsubstilulcd derivative, and show 
some relation to the nature of the lowest excited triplet state, 
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