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ymer), 126190-50-9; 10d (SRU), 126190-55-4; 10e (copolymer), 
126190-51-0; 10e (SRU), 28932-67-4. 
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ABSTRACT: An improved three-step process for the synthesis of 2-(vinylhydroxyphenyl)-2H-benzotri- 
azole derivatives is discussed. In addition, some studies of the surface photooxidation of styrene/ 
vinylbenzotriazole copolymers were carried out. The results indicate that the 2-(vinylhydroxypheny1)-2H- 
benzotriazole derivatives, whether used as an additive or introduced into the polymer chain, are unsuitable 
as a photostabilizer for the surface of polystyrene while the bulk of polystyrene is protected when very low 
concentrations of the derivatives are used. 

Introduction 
For most commercial polymers (acrylics, cellulosics, poly- 

esters, polystyrene, poly(viny1 chloride), etc.), some type 
of photostabilization is required in order to protect such 
materials against the effect of UV irradiation. For exam- 
ple, after a few weeks of exposure to sunlight, polypro- 
pylene deteriorates severely and unsaturated polyesters 
yellow. 

Several types of heat and light stabilizers can be 
employed:l-l6 (a) UV screeners; (b) UV absorbers; (c) excit- 
ed-state quenchers; (d) free radical scavengers and/or 
hydroperoxide decomposers. The choice of satisfactory 
photostabilizers for light exposure depends upon the end 
use to which the polymer is put. Generally, a combina- 
tion of different additives is necessary to obtain a syner- 
gistic effect. 
2-(2-Hydroxyphenyl)-2H-benzotriazoles have been indi- 

cated as powerful ultraviolet-absorbing molecules, and a 
number of compounds with this basic structure have been 
synthesized and used as UV a b s ~ r b e r s . ~ - * J ~ - ~ ~  

When the surface to volume ratio is high, as in films, 
coatings, and fibers, such additives, because of their low 
molecular weights, may exhibit low compatibility and can 
also be lost by exudation, volatilization, or leaching dur- 
ing fabrication or end use. In recent years, a significant 
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effort has been made to prepare stabilizers with better 
compatibility and higher molecular weight by introduc- 
ing long alkyl chains into the additive molecule2 or by 
synthesizing the appropriate monomer and copolymeriz- 
ing it into the polymer backbone.20-3O 

Methods have been reported in the literature for the 
synthesis of such monomers; the most important struc- 
tures are shown in Table I. These monomers have been 
then introduced by random copolymerization or by graft- 
ing. Styrene, acrylates, and butadiene derivatives of (vi- 
nylhydroxyphenyl)-2H-benzotriazoles have been obtained 
in this way. 

I t  has not yet been demonstrated whether the pres- 
ence of a photostabilizing moiety in the surface (outer- 
most 50 A) is capable of inhibiting surface photooxida- 
tion. In fact, ESCA studies on the surface photooxida- 
tion of commercial polymers such as polystyrene indicate 
that the extent and nature of the degradation are not 
typical of the bulk material and thus conventional pho- 
tostabilizing substances may not be effective. In addi- 
tion, the photostability of the appropriate stabilizer in 
the surface regions, where the partial pressures of oxy- 
gen and the photon flux are higher than those in the bulk 
material, may differ from that of the bulk material. 

Polyesters containing low percentages of (hydroxyphe- 
nyl)-2H-benzotriazole in the chain have been studied by 
ESCA in earlier Initially, the ESCA analysis 
showed that the amount of nitrogen (arising from the 
UV stabilizer) on the surface layer was similar to that 
found by elemental nitrogen analysis of the bulk poly- 
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Table I 
HVB monomer copolymer applicatn ref 

polyesters, 21 
polyamides, etc. 

OH 

polyesters, 27 
polyamides, etc. 

MMA, BA, St 22-24 

MMA, BA, St 23, 29 

MMA, BA, St 25 

in, 

mer. After accelerated aging by vigorous photooxida- 
tion, where the polymer was excessively degraded a t  the 
surface, it was found that the nitrogen content of the 
surface layer had not decreased, indicating that the UV 
stabilizer had remained in place throughout the entire 
degradation process. 

Recently, we have devised a simple three-step process 
for the preparation of 2-(vinylhydroxyphenyl) benzo- 
t r i a z o l e ~ . ~ ~  In this work this route has been improved 
and used to prepare different systems. In addition, we 
report the main results of work carried out in the last 
few years on the surface photooxidation of copolymers 
with styrene, methyl methacrylate, and butyl acrylate con- 
taining such moieties in the ~hain .3~-3~ Comments are 
also made on the fast photodegradation of such materi- 
als in the surface. 

Results and Discussion 
A simple three-step process for the preparation of 2-(2- 

hydroxyphenyl)benzotriazoles32 is reported in Scheme I. 
2-Nitroaniline is used in the first step; the diazotization 
may be carried out under the usual conditions. 

The Wittig reagent used in the past32 was a phospho- 
nium salt, preferably derived from triphenylphosphine 
by reaction with a lower alkyl halide. In this work sodium 
amide has been used to neutralize the hydroxyl function- 
ality and to produce the ylide. In particular, a commer- 
cial “instant ylide” (an equimolar amount of methyltri- 
phenylphosphonium bromide/sodium amide) was used. 
Reaction times could be reduced (10 h as compared to 
48 h), and many handling difficulties avoided. In addi- 
tion, this increased the yield of this step and thus the 
overall yield (see Experimental Section). For example 
in the case of compound l b  the yield was 60% as com- 
pared to 32% by past methods.32 Zinc dust in the pres- 
ence of strong alkali such as sodium hydroxide solution, 
as a reducing agent, is suitable. This reaction is prefer- 
ably carried out a t  about 0 “C. In order to synthesize 
monomer 2 we have carried out a Friedel-Crafts acyla- 
tion on the azo compound followed by the Wittig reac- 
tion and ring closure reduction (Scheme I). 

The monomers have been homopolymerized and copo- 
lymerized with styrene, methyl methacrylate, and butyl 
acrylate. I t  has been possible to carry out surface pho- 
tooxidation studies by ESCA only on the styrene copol- 
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ymers since the presence of acrylate carbonyl function- 
alities did not allow us to follow the oxidation process by 
measurement of the increase in CO content. 

Figure 1 shows the C1, and N1, core level spectra for 
the unexposed and irradiated films of the product obtained 
by the homopolymerization process of monomer 1. The 
C1, envelope for the unexposed film exhibits a principal 
photoionization peak centered at  285.0 eV due to carbon 
not bonded to oxygen or nitrogen. The shoulder on the 
higher binding energy side of this peak arises from car- 
bon-oxygen and carbon-nitrogen environments. A K - 
ir* shake-up satellite diagnostic of unsaturation in the 
polymer is also present a t  a binding energy of 291.6 eV. 
The N1, core level consists of two peaks centered a t  400.0 
and 402.6 eV with an intensity ratio of 2:1, respectively. 
The N1,/C1, area ratio for the unexposed film is 0.24:1, 
which is in close agreement with the theoretical value of 
0.27 obtained from the N/C atomic ratio of the mono- 
mer and the relevant experimentally determined sensi- 
tivity factors. 

On exposing such a homopolymer to UV in air, dis- 
tinct changes in both the C1, and N1. core level spectra 
are observed. For the C1, envelope the region on the higher 
binding energy side of the main photoionization peak a t  
285.0 eV becomes more complex due to the appearance 
of carbonyl (C=O) and carboxylate (0-C=O) function- 
alities. The contributions to the C1, envelope arising from 
the various functionalities as a function of exposure times 
and the corresponding 01,/C1, and N1,/C1, area ratios 
are shown in Figures 2 and 3. From these data we con- 
clude that there is an induction period of about 1 day 
before the onset of extensive oxygen uptake a t  the sur- 
face. After 3 days of exposure, oxidation begins to pla- 
teau, indicating a balance between further photooxida- 
tion and the desorption of low molecular weight species. 

The N1, envelope loses the 2/1 intensity ratio charac- 
ter of the unexposed polymer due to the appearance of 
a third component a t  a binding energy of 401.6 eV. 
Because of the relatively small range of chemical shifts 
exhibited by the more common nitrogen functionalities, 
a specific assignment of this new peak is not possible at  
this stage.36 From the data in Figure 4, where the changes 
in the N1, envelope during exposure are displayed, it is 
evident that the appearance of the new component is con- 
comitant with the onset of extensive oxygen uptake at  
the surface (Figures 2 and 3). Although the nature of 
the nitrogen changes during photooxidation, the amount 
of nitrogen on the surface relative to carbon is, after exten- 
sive oxygen uptake, essentially the same as that for the 
starting material. This should not be taken to indicate 
that there is no loss of nitrogen during exposure, as pre- 
viously reported,31 but rather to indicate the proportion- 
ality of carbon and nitrogen in the species desorbed from 
the surface. 

Previous studies carried out on model compounds in 
solution have shown the formation of peroxycyclohexa- 
dienones and other products during the thermal and pho- 
tochemical oxidations of such benzotriazoles deriva- 
t ive~.~’  If the reactions observed in such model systems 
occur also in the homopolymer undergoing photooxida- 
tion in the solid state, analogous or similar oxidation prod- 
ucts might be formed, and such products could act as 
photosensitizers and enhance the rate of photooxidation 
of the polymer. 

This hypothesis is supported by the fact that, whereas 
the homopolymer reaches a steady state with respect to 
oxygen uptake in 3-5 days of exposure, the copolymers 
containing different percentages of UV stabilizer moi- 
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Figure 1. C1. and N1. core level spectra for unexposed and 
exposed homopolymer of monomer 1. 
eties reach this condition in 5-8 In addition, 
the photooxidation behavior of such styrene/ (vinyl- 
hydroxypheny1)benzotriazoles copolymers was depen- 
dent on the concentration of the (hydroxypheny1)benzo- 
triazole molecules on the surface; i.e., oxygen uptake was 
more rapid as the content was increased. These obser- 
vations suggest that there is the same interaction between 
such moieties on the surface of the homopolymer and 
copolymers which can result in an enhanced susceptibil- 
ity to photooxidation. Such interactions could be due to 
a product similar to that observed for the model com- 
p o u n d ~ . ~ ~  When the concentration of the (hydroxyphe- 

_/----.- 
0-c=o 

- *_. 

0 
2 4 

EXPOSURE (DAYS) 

Figure 2. CIS component contributions for homopolper of mono- 
mer 1 as a function of UV exposure time. 

01  I 
0 2 4 

EXPOSURE (DAYS) 
Figure 3. O1./Cls and N1./C1. area ratios for homopolymer of 
monomer 1 as a function of UV exposure. 

ny1)benzotriazole molecules is low (Le. 0.5% copoly- 
merM) and hence interactions negligible, the polymer sur- 
face photooxidizes a t  rates similar to that of polystyrene 
with 0.5% of (hydroxypheny1)benzotriazole as an addi- 
tive and to that of pristine polystyrene.M 

In conclusion, it is evident that such molecules, whether 
used as an additive or introduced into the polymer chain, 
are unsuitable as a photostabilizer for the surface of poly- 
styrene while the bulk of polystyrene is protected when 
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Figure  4. Changes in the component contributions to the N1, 
spectra of homopolymer of monomer 1 during UV exposure. 

very low concentrations of such molecules are used. It 
is known that useful commercial stabilization systems for 
polystyrene have been based on UV absorbers such as 
(hydroxypheny1)benzotriazole compounds in the pres- 
ence of antioxidants such as 2,6-di-tert-butyl-4-methyl- 
phenol to obtain a synergistic combination. We are there- 
fore investigating by ESCA the surface photooxidation 
of the copolymers in the presence of such antioxidants 
in order to shed some light on the effective possibility of 
protecting properly the surface of such materials. 

Experimental Section 
Synthesis  of Monomers 1-4 (Scheme I). 5-Methylsali- 

cylaldehyde was prepared by refluxing a solution of p-cresol 
and chloroform for 30 min and a 50% (w/w) solution of sodium 
hydroxide and benzene in the presence of a catalytic amount 
of tri-n-butylamine (62% yield).3s 

p te r t -Buty lphenol ,  phydroxybenzaldehyde,  and 4-hy- 
droxyacetophenone were commercially available. 

Preparation of the Azobenzenes la-4a. 2-Nitroaniline (0.10 
mol) was added to concentrated HCl (40 mL), and the result- 
ing mixture was warmed to 70 "C and then allowed to cool to 
room temperature. To  this suspension was added a solution of 
sodium nitrite (0.10 mol) in distilled water (20 mL) dropwise 
a t  0 "C with vigorous stirring. These conditions were main- 
tained for 30 min, and then a small quantity (approximately 1 
g) of urea was added to eliminate the unreacted nitrous acid. 

The reaction mixture was filtered, and the solid was added 
slowly to a solution of the phenol (5-methylsalicylaldehyde or 
p-tert-butylphenol or 4-hydroxybenzaldehyde or 4-hydroxy- 
acetophenone) (0.10 mol), sodium hydroxide (0.10 mol), and 
sodium carbonate (0.3 mol in 300 mL of distilled water) a t  15 
OC. The azo-coupling reaction was complete after 2 h. The 
reaction mixture was then filtered, and the red-brown solid was 
purified. The methods of purification, the melting points, and 
the yields are reported in Table 11. 

Acylation of Azobenzene 2a. 2-Nitro-2'-hydroxy-5'-tert- 
butylazobenzene (2a) (3 g, 0.01 mol) was added to  a mixture of 
4.4 mL (0.06 mol) of freshly distilled acetyl chloride and 8 g 
(0.06 mol) of anhydrous aluminum chloride in 100 mL of dichlo- 
romethane. The mixture was then allowed to react a t  the reflux- 
ing temperature for 24 h and then poured into a mixture of ice, 
HCl, and dichloromethane. The organic layer was then washed 
three times with water and dried with sodium sulfate. The 
method of purification, the melting point, and the yield of the 
azobenzene 2a' are reported in Table I1 as well as the 1H-NMR 
data in Table 111. 

Prepara t ion  of Compounds lb-4b. Sodium amide (0.023 
mol) was added to a solution of 0.022 mol of azobenzene com- 
pounds ( la ,  2a', 3a, and 4a) in 50 mL of dry tetrahydrofuran 
and the mixture stirred for 1 h in inert and dry atmosphere. 
The resulting solution was added to  a slurry of 10 g (0.024 mol) 
of methyltriphenylphosphonium bromide/sodium amide (instant 
ylide)39 in 50 mL of tetrahydrofuran freshly prepared. The mix- 
ture was stirred a t  room temperature for 10 h under nitrogen 
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Table I1 
compd method of purificatn mp, "C yield, % 

1 

2a 
2a' 

3a 

4a 

l b  

2b 

3b 

4b 

1 

2 

3 

4 

extraction with petroleum ether 

none 
elution with CHzClz on silica 

elution with CHzClz on silica 

elution with CHzClz on silica 

elution with CHC13/petroleum 
ether (5050) on silica gel 

elution with CHzClz/petroleum 
ether (60:40) on silica gel 

elution with CHC13/petroleum 
ether (5050) on silica gel 

elution with CHCla/petroleum 
ether (50:50) on silica gel 

elution with CHC13/petroleum 
ether (7030) on silica gel 

elution with CHC13/petroleum 
ether (7030) on silica gel 

elution with CHC13/petroleum 
ether (70:30) on silica gel 

elution with CHC13/petroleum 
ether (70:30) on silica gel 

Table I11 

for 12 h 

gel 

gel 

gel 

190-191 

57-58 
148-1 50 

161-163 

173-174 

111-1 12 

89-90 

79-80 

95-96 

109-110 

92-93 

112-1 13 

124-1 25 

55 

70 
28 

52 

61 

60 

52 

62 

45 

49 

45 

48 

43 

'H NMR Chemical Shift Data. for the New Compounds 

2a' 13.11(s) 8.05-7.65(m) 2.75(s) 1.38(s) 
2b 12.89(s) 8.09-7.42(m) 1.36(s) 2.33(s) 5.47(m) 
2 11.30(s) 8.36-7.31(m) 1.40(s) 2.26(s) 5.23(m) 
a Abbreviations: s, singlet; m, multiplet. 

atmosphere and then poured onto crushed ice, neutralized care- 
fully with dilute hydrochloric acid, and extracted with ethyl 
ether. The organic layer was separated, washed with water, and 
dried. The methods of purification, the melting points, and 
the yields are reported in Table 11, and the 1H NMR data are 
reported in Table I11 for the new compound 2b. 

P r e p a r a t i o n  of Compounds 1-4. The  monomers were 
obtained by reduction of lb-4b with zinc and sodium hydrox- 
ide as described elsewhere.32 The methods of purification, the 
melting points, and the yields for compounds 1-4 are reported 
in Table 11, and the lH NMR data for the new compound 2 are 
reported in Table 111. 

Synthesis  of the Copolymers. The copolymers were syn- 
thesized following the procedures already described in litera- 
ture.33-35 
UV Exposures. Polymer films were cast as thin films (0.5 

pm) on stainless-steel probe tips used for the ESCA studies. 
They were exposed in air to the output from a black lamp (A > 
300 nm; photon flux - 0.25 W/m2) for various periods of time.40p41 

ESCA spectra were recorded on a Kratos ES 300 electron 
spectrometer employing Mg K a  X-rays. Binding energies were 
referenced to the C-H component in the C1. spectra a t  285.0 
eV. Area ratios were computed with the aid of the Kratos DS 
300 data system. 
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ABSTRACT: The fluorescence properties, especially the excimer formation process, in poly(3,6-di-tert- 
butyl-9-vinylcarbazole) (PBVCz) and its dimeric model compounds, meso- and rac-2,4-bis(3,6-di-tert-bu- 
tyl-9-carbazoly1)pentanes (meso- and rac-BCzPe), have been investigated. The molecular structure of poly(9- 
vinylcarbazole) (PVCz) was modified by bulky tert-butyl substituents on the carbazole ring. PBVCz and 
rac-BCzPe show broad excimer emission at wavelengths slightly shifted from the excited monomer band. 
Since sandwich excimer formation is hindered by the bulky groups, this polymer exhibits a unique excimer 
formed by the syndiotactic diads. To investigate the excimer formation process, 1H NMR analysis and 
calculation of conformational energies were carried out for rac-BCzPe. The result indicates that a partially 
overlapping arrangement of the carbazole rings is attained by parallel rotation of two aromatic planes from 
the stable TT conformation, but the extent of overlapping is quite small. These data show that the carba- 
zole excimer has fairly continuous energy levels, depending on the degree of overlapping of the aromatic 
planes. 

Introduction two kinds of excimer emissions were found i n  PVCz, exten- 
sive kinetic s tudies  have been carried out by  using vari- 
ous dimeric  model compounds.3+ The meso and race- 
mic  isomers of 2,4-disubstituted pentanes are good mod- 
els for  t h e  isotactic and the syndiotactic diads in the 
polymer chain, respectively. The advantage of using model 
c o m p o u n d s  is that  q u a n t i t a t i v e  studies c a n  be con- 
ducted based on  a s imple kinetic scheme involving estab- 

The excimer formation mechanism in poly(8vinylcar- 
bazole) (PVCz) has attracted much a t ten t ion  in the field 
of polymer photophysics. A t  least two kinds of excimers 
are known, the fully overlapped excimer (sandwich exci- 
mer)  and the partially overlapped excimer (second exci- 
mer) ,  besides the excited monomer state.'S2 Since these 
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