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Abstraet--Poly(styrene)s bearing carbazole substituents at various positions were synthesised by homo- 
polymerisation of 3-(9-carbazolylmetbyl)styrene and 4-(9-carbazolylmethyl)styrene and by chemical 
modification of preformed poly(styrene)s prepared in the presence of different initiators. Main chain 
stereochemistry of the polymer samples was investigated by 13C-NMR and related to the initiation 
process. The fluorescence emission spectra were independent of the stereochemistry of polymer back- 
bone and exhibited only monomer emission. In no case was there any evidence of excimer fluorescence. 
In contrast, energy migration appeared to be very efficient, as evaluated by measurements of the degree 
of fluorescence polarisation relative to that of a structurally related model compound 

INTRODUCTION 

Studies of the fluorescence of polymers having aro- 
matic substituents have been of considerable value in 
understanding the nature and efficiency of conforma- 
tional changes in polymer backbone structures [1]. In 
particular, the relative ease of formation of excimers, 
as evidenced by the ratio of monomer  to excimer 
emission, provides a measure of either the freedom 
with which a polymer chain with aromatic sub- 
stituents may rotate to allow eclipsed arrangements of 
the aromatic groups, or the propensity of the particu- 
lar aromatic chromophores to form stable excimers. 

Poly(N-vinylcarbazole) has been of special interest 
because of the possible inter-relation of its fluor- 
escence properties with applications as a photocon- 
ductor [2]. Arising from the important photoconduc- 
tivity characteristics of poly(N-vinylcarbazole), there 
have been many reports of the synthesis and proper- 
ties of polymers having carbazole substituents [3-8], 
in addition to studies of polymers of vinylcarbazoles 
in which the heteroaromatic unit is attached directly 
to the polymer backbone via the various ring positions 
[9 14]. A conclusion which may be drawn from all 
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the previous reports is that excimer emission is evident 
only for polymers in which the carbazole group is 
attached directly to the polymer backbone [6, 13]. 
Normally copolymers of N-vinylcarbazole do not show 
excimer emission except when the copolymer com- 
position is such as to allow for relatively long 
sequences of carbazole units [-15-17]. One possible 
exception to the general rule is that copolymers of 
N-vinylcarbazole with fumaric derivatives, thought to 
have an alternating structure, exhibit a long wave- 
length emission typical of excimer formation [18]. 

It is pertinent that even for poly(N-vinylcarbazole), 
the main chain stereoregularity is not fully established 
and it remains to be proven whether high degrees of 
tacticity in poly(N-vinylcarbazole) will enhance or 
diminish excimer population [11, t5]. 

Carbazole-substituted styrenes 1 and 2 may be syn- 
thesised from the commercially available mixture of 
meta- and parachloromethyl styrenes and would be 
anticipated to polymerise via a variety of mechanisms 
including stereospecific Ziegler Natta type polymeris- 
ation. 
It was of interest therefore to determine the fluor- 
escence properties of homopolymers of 1 and 2 
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obtained by different polymerisat ion processes in the 
hope of correlating excimer emission with the main 
chain stereoregularity. Al though it is clear that  homo-  
polymers of 1 and 2 will have the carbazole sub- 
sti tuents remote from the polymer backbone,  the rela- 
tive rigidity of styrene units in the polymer might  be 
expected to facilitate the nearest -neighbour  overlap 
usually invoked to explain excimer formation. In the 
event it was observed (loc. cit.) that  1 and  2 could not  
be polymerised by the usual Ziegler -Nat ta  catalytic 
process and  hence it was necessary to synthesise the 
corresponding isotactic poly(2) by chemical modifica- 
tion of preformed isotactic poly(styrene). 

The present paper  gives full details of the synthesis 
and fluorescence properties of poly(styrene)s having 
meta- and paracarbazole substituents. 

EXPERIMENTAL 

Materials 

Monomers. 3-(9-carbazolylmethyl)styrene (1) and 4-(9- 
carbazolylmethyl)styrene (2) were synthesised according to 
the procedure of Gibson and Bailey [4]. (S)-4-methyl-1- 
hexene (3) [ 0 ~ ] 2 D  5 - -  2,82 (neat), optical purity 93.5~o [19] 
was prepared as previously reported [20]. Commercially 
available styrene (4) was purified according to the conven- 

tional procedure and distilled in vacuo immediately before 
use. 2-[4-(9-carbazolylmethyl)phenyl]propane (5) was syn- 
thesised as previously reported [8]. 

Polymers. 1 and 2 were polymerised by free radical and 
Ziegler Natta catalysts as reported in Table. 1. Copoly- 
merisations of I and 2 with 3 were carried out in toluene in 
the presence of a Ziegle~Natta catalyst (Table 2). The 
polymeric products were isolated by precipitation into 
methanol and purified by dissolution in dichloromethane 
and reprecipitated in acetone. The crude reaction products 
were then fractionated with n-pentane at room tempera- 
ture. Styrene was polymerised with free radical, cationic 
and Ziegler-Natta initiators as reported in Table 3. All the 
polymers were purified by multiple precipitations from 
chloroform into methanol. The Ziegler Natta poly(styrene) 
was fractionated with boiling methanol, acetone and 
toluene in that order. 

Poly(styrene)s were reacted with CH3OCH2C1 in the 
presence of ZnCI 2 at room temperature for 50hr (Run 
ZN2 at 30°C for 120hr) yielding 100% chloromethylated 
products 1-21]. Subsequent transformation with carbazole 
was perlormed under phase-transfer conditions in the pres- 
ence of tetra-n-butylammonium bromide (TBAB) at 60°C 
for 5 hr, giving complete carbazolylmethyl substitution [8] 
(Table 4). 

Polymer characterisations 
Viscosity measurements were performed with a dilution 

viscometer in toluene at 30°C. Molecular weights (My) 

Table 1. Polymerisation of 3-(9-carbazolylmethyl)styrene (1) and of 4-(9-carbazolyl- 
methyl)styrene (2) under various conditions 

Polymerisation 
conditions* 

Polymeric 
product 

Mon/Cat Conversion Mnt 
Run Monomer Catalyst (mol/mol) (%) (. 10 3) p~ 

H1 AIBN§ 100 85.4 21.9 -0.002 
1 

H2 Al(iBu)3/TiCl4 II 30 67.4 37.9 - 0.007 
H3 AIBN§ 100 79.3 18.6 -0.006 

2 
H4 AI(iBu)3/TiCI 4 JJ 30 56.2 50.8 0.004 

* At 70°C for 120hr. 
t By membrane osmometry, in chlorobenzene. 
++ Degree of polarisation (see Experimental). 
§ In benzene. 
[I In toluene; A1/Ti = 3.5 (mol/mol). 

Table 2. Copolymerisation of 3-(9-carbazolylmethyl)styrene (1) and of 4-(9-carbazolymethyl)- 
styrene (2) with (S)-4-methyl-l-hexene (3) 

Polymerisation conditions* 

Carbazolyl(styrene) 
Polymeric product S 

Duration Conv.t Amount of 3§ 
Run type mmol %mol (hr) (%) (%tool) [~] 205 II 

C-13 1 1.8 33.3 79 9 43.8 -51.2 
C-23 2 2.5 33.3 65 7 11.5 - 10.6 

* In toluene at 70°C in the presence of AI(iBu)JTiC14 ; comonomer concentration 0.6 M; 
comonomers/Ti molar ratio = 30; AI/Ti = 3.5. 

t Evaluated as (weight of precipitated polymer/weight of starting monomers) x 100. 
$ Mixture of homopolymers, as proved by extraction with solvents. 
§ 1H-NMR spectroscopy. 
If In chloroform. 
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Table 3. Polymerisation of styrene (4) under various catalytic conditions 
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Mon/Cat Temp. Time Conversion M,* 
Run Catalyst (mol/mol) Solvent CC) (hrl ("{;) (. 10 -~) 

R AIBN 100 benzene 70 24 78.9 12 
C EtA1C12 150 toluene - 78 24 76.7 6 
Z N Al(iBu)3/TiCl3t 15 n-heptane 45 48 31.7 + 170 + 

* By viscometry: [q] = 1.1 • 10 4 M-v°'725 in toluene at 30~C. 
t In the presence of Zn(iBu)2 ; A1/Ti = 2.5 and A1/Zn = 2.0 (tool/moll. 

Toluene soluble fraction. 

were evaluated from the equation [r/] = 1.1' 10 -4 ~ 0.725 
(in toluene, at 30'CI [22] for polly(styrene) samples. 
Number-average molecular weights (M.) were determined 
by means of a Hewlett Packard membrane osmometer in 
chlorobenzene solution. 

I.R. spectra were recorded on a Perkin-Elmer 283B 
spectrophotometer on polymer films cast from solution or 
on KBr discs. U.V. spectra were taken with a Cary 14 
Spectrophotometer in CH2C12 solution in the 330-230 nm 
spectral region (path length 0.1-1 cm). Fluorescence 
emission and excitation spectra were taken by a Perkin- 
Elmer MPF43 Spectrofluorimeter on outgassed polymer 
solutions (10-s M carbazole units concentration)both in 
CH2C12 and 2-methyltetrahydrofuran (2Me-THF) at 
room temperature. The spectra were not corrected for the 
wavelength dependence of the detector response. Quench- 
ing experiments were performed on aerated polymer sol- 
utions (5.1(l s M carbazole units concentration) in 
CH2C12 containing maleic anhydride (0-0.05 M). 

Fluorescence polarisation measurements were performed 
in 2Me-THF glassy solution at 77°K at the excitation and 
emission wavelengths of 330 and 350 nm respectively. The 
degree of polarisation p was evaluated from the relation 
[23]: 

1 - GI± 
P 

1 + GI~ 

where 11 and l~ are the components of emitted radiation 
parallel and perpendicular to the plane of polarised exci- 
tation and G = I j I ,  is a correction factor due to instru- 
mental anisotropy. The I H-NMR spectra were recorded on 
a Varian T-60 Spectrometer in CDCI 3 using TMS as an 
internal standard. The ~3C-NMR spectra were recorded at 
25.2 MHz by a Varian XLI00 Spectrometer on polymer 
solutions in CDCI3 with TMS as internal standard. The 

spectra were IH-noise decoupled and obtained after ac- 
cumulation of 10 80 thousand transients. 

RESULTS AND DISCUSSION 

Synthesis and characterisation 

As reported by Gibson  and Bailey [3, 4] it was ob- 
served that  1 and 2 readily polymerise under  the 
influence of a typical radical init iator (Table 1). By 
using a Ziegler Na t t a  catalyst, fairly high yields were 
obtained in the homopolymerisa t ions  of I and 2, 
whereas very low conversions were observed in 
copolymerisat ions with (S)-4-methyl-l-hexene (3) 
(Tables 1 and 2). Moreover,  the copolymerisat ion 
products  can be easily separated by solvent extraction 
into two fractions, one soluble in n-pentane consisting 
mainly of poly[(S)-4-methyl-l-hexene],  and  an insolu- 
ble par t  containing the homopolymer  of the corre- 
sponding styrene derivative. Similarly, a mixture of 
two hornopolymers  was obtained in copolymerisat ion 
runs of N-vinylcarbazole with 3 in the presence of a 
typical Ziegler -Nat ta  catalyst [24]. These results sug- 
gest that  the anionic coordinate mechanism, capable 
of giving highly isotactic polymers, is apparently not 
operat ing in the polymerisat ion of carbazole-contain-  
ing monomers .  In order to obtain polymeric products, 
having known main chain stereochemistry, it was 
therefore necessary to adopt  an indirect synthetic 
method. 

Poly(styrene)s prepared in the presence of various 
catalytic systems (Table 3) and having well established 
and different types and degrees of tacticity were selec- 

Table 4. Synthesis and characteristics of polyE4-(9-carbazolylmethyl)styreneJ [-poly(2)] obtained by chemical moditlcation 

Reaction product 
Starting 

poly(styrene) Chloromethylation* Carbazolylation+ 

CHC13 Substitution§ 
Mv:~ Yield extract degree Yield M,~ i 

Run Catalyst (. 10 3) (~) (~owt) (",,) ('!~,) (" 10 :} p¶ 

RI AIBN 12 83.6 100 100 72.8 41.3 0.008 
C 1 A1EtCI 2 6 65.2 100 100 54.7 9.3 0.032 
Z N 1  AI(iBu)3/TiCI3 170 81.1 37 50 62.3 -0.(105 
Z N2 AI(iBu)3/TiCI3 170 85.8** 28 100 50.3 38.3 0.006 

* In CH3OCH2C1 solution in the presence of ZnCI2 at room temperature for 50 hr. 
+ Under phase-transfer conditions (TBAB, 50~ NaOH) at 60°C for 5 hr: 100% degree of substitution. 
++ In toluene at 30"C. 
§ By IH-NMR in CDCI3. 
:i By membrane osmometry in chlorobenzene. 
¶ Degree of polarisation (see Experimental). 
** At 30"C for 120 hr. 
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tively substituted in the para-position by the 9-(carba- 
zolylmethyl) group, via the corresponding chloro- 
methylated derivative as intermediate (Scheme 1). 

prepared by different routes. Due to overlap, the 
broad signals of the C-~ and C-fl are of little diagnos- 
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It was thus possible to obtain products with up to 
100~o ring substitution (Table 4). We have to observe 
however that about 70Vo of the product obtained in 
the chloromethylation of the Ziegler-Natta poly- 
(styrene) was insoluble in most common organic sol- 
vents. The subsequent modifications and characteris- 
ations were therefore performed only on the soluble 
fraction. 

The polymeric products prepared by both homo- 
polymerisation and chemical transformation were 
characterised by i.r., u.v. and NMR spectroscopy and 
shown to have the expected regular head-to-tail struc- 
ture typical of vinyl polymers. In Fig. 1 the i.r. spectra 
of poly(1) and poly(2) are represented and, contrary to 
other reports 1-31 they show typical absorption bands 
of the aromatic moieties. 

As previously reported [8], the u.v. and 1H-NMR 
spectra do not exhibit any characteristic band attribu- 
table to the occurrence of carbazole-carbazole inter- 
actions [16]. 

13C-NMR spectra 

In order to gain more information on the main 
chain tacticity, homopolymers prepared by different 
routes were investigated by 13C-NMR spectroscopy. 
Figure 2 shows the 13C-NMR spectra of model com- 
pound 5 and of free radically prepared poly(l) and 
poly(2), as typical examples. It is interesting to note 
that the signals present at about 45 and 145ppm, 
attributable respectively to main chain carbon atoms 
(C-ct and C-fl) and to the benzene quaternary carbon 
atom linked to the polymer backbone (C-I), are struc- 
tured and show appreciable differences in samples 

(b) 
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Fig. 1. I.R. spectra of (a) poly(1) and (b) poly(2) prepared 
by radical initiation. 

tic value, whereas the C-1 signal is rather well 
resolved and can be in principle related to main chain 
stereochemistry. 

In order to obtain such a correlation, the C-1 sig- 
nals of poly(2) prepared from poly(styrene) by a 
sequence of reactions believed not to affect the poly- 
mer stereochemistry 1,25] (Scheme 1) were compared 
with those of the parent poly(styrene)s (Fig. 3). Even if 
in the literature there is not complete agreement on 
the assignment of the splittings of the C-I signal 

5J _L 

L I I I I i I , , i i 

150 130 l t0 50 30 

, ppm 

(a )  
I 

Fig. 2. 13C-NMR spectra of: (a) 2-[4-(9-carbazolylmethyl)- 
phenyl]propane, (b) poly(2) and (c) poly(l) prepared in the 

presence of AIBN. 
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Fig. 3. ~3C-NMR spectra of C-1 signal of: (a c) poly- 
(styrenel samples Z N, R and C; (&h) poly(2) samples 
Z N-2. R1, CI, H4 and H3: (i,l} poly(1) samples H2 and 

HI. 

[26--31], it is well established that poly(styrene) pre- 
pared in the presence of radical, cationic and Ziegle~ 
Natta initiators contains about 70, 50 and 10% of 
racemic dyads respectively [-26]. 

The C-I signal of poly(2) is split into two com- 
ponents centred at 144.0 and 145.0ppm, here attri- 
buted to raeemic and meso dyads, since their intensity 
closely corresponds, in samples prepared by chemical 
modification, to raeemic and meso dyad content of the 
parent poly(styrene) (Table 5). 

A slight decrease of the degree of isotacticity is ob- 
served in the polymer sample obtained by transform- 
ation of the Ziegler Natta poly(styrene) (Run Z--N2), 
probably due to fractionation occurring in the chloro- 
methylation reaction and subsequent isolation of the 
soluble product. 

Table 5. Dyad tacticity of poly(styrene) and poly(styrene)s 
containing carbazole substituents prepared by different 

routes 

Polymer 
r dyads* 

Run Type Catalyst (%) 

HI Poly(l) AIBN 72 
H2 Z-N? 72 
H3 AIBN 75 
H4 Z-N+ 71 
R1 Poly(2) AIBN 75 
C 1 BF3"0Et2 54 
ZN-2 Z N+ 20 
R Poly(styrene) AIBN 72 
C BF3.0Et / 52 
Z N Z N'I" 10 

* Evaluated from the C-1 signal in the 13C-NMR spec- 
trum. 

+ Ziegler Natta initiator (see Tables 1, 3 and 41. 

The C-I signal of poly(1) is split into three com- 
ponents centred at 144.0, 144.6 and 145.0 ppm. In this 
case no correlation with polymeric precursors can be 
made and the relative intensities of the three peaks, 
that could be tentatively assigned to syndio, hetero 
and isotactie triads respectively, do not satisfy a Ber- 
noullian statistics. It is therefore very likely that, as in 
the case of poly(styrene), the C-1 splittings arise from 
higher order stereo-sequences, and the similarity of 
the C-I resonances of radical poly(styrene) and 
poly(1) allows a tentative evaluation of the dyad tacti- 
city of poly(l) by assigning the higher field signal to 
rrrr pentads as in poly(styrene) [-31] (Table 5). 

Significantly, the homopolymerisations of 1 and 2 
with a typical Ziegler-Natta catalyst yielded poly- 
meric products having main chain tacticity similar to 
the polymer obtained by free radical initiation. These 
results, in full agreement with the copolymerisation 
data, further indicate that the anionic coordinate 
mechanism is not effective in the presence of carba- 
zole derivatives and that, at least under the adopted 
experimental conditions, the Ziegler Natta catalyst 
behaves very much as a free radical initiator [32]. 

Fluorescence emission spectra 

Figure 4 shows that the fluorescence spectra of 
poly(2), made either by homopolymerisation or 
chemical modification of poly(styrene)s, show mainly 
the usual structured isolated carbazole emission 
bands at 350 and 370nm in both CHzCI2 and 
2Me-THF solvents. In this respect the fluorescence of 
poly(2) [and poly(l)] is identical with that of the 
model compound 5. However, in CH2C12 solvent (but 
not in 2Me-THF) poly(2) exhibits enhanced fine struc- 
ture at wavelengths >390 nm. It is noteworthy that 
the enhanced long wavelength emission is not ob- 
served in the fluorescence spectra of poly(1) and that 
it does not appear to arise via the usual excimer-tike 

-4 
0 0,5 

0 d i j 
3 5 0  4 0 0  4 5 0  

X , nm 

Fig. 4. Uncorrected fluorescence emission spectra 
(exc. = 330 nm) in chloroform solution of: (-- ) poly(2); 

(.. .) poly(l) and 5. 
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interactions. In fact, the intensities of the bands at 
about 408 and 430 nm relative to the intensity of the 
band at 350nm are not significantly affected in 
quenching experiments in the presence of both oxygen 
and maleic anhydride [15]. Furthermore, the exci- 
tation spectra observed at 350 and 408 nm are ident- 
ical and consistent with the existence of only one 
emitting species. However, energy migration in all 
types of carbazole-containing polymers appears to be 
very efficient, as shown by the very substantial 
degrees of depolarisation noted, in the present work 
(Table 1), for poly(1) and poly(2) in contrast to that of 
the model compound 5 (p = 0.156). For the polymers 
obtained by chemical modification of poly(styrene), 
depolarisation is important for all the samples (Table 
4), however we should note that depolarisation is least 
for the sample obtained from cationically prepared 
(mainly atactic and fairly low molecular weight) poly(- 
styrene). Even allowing for the imprecision of de- 
polarisation data, the difference is significant. 

It is remarkable that a very high degree of fluor- 
escence polarisation is observed even for the sample 
containing only 50% of carbazole substituents (Run 
ZNI in Table 4), thus suggesting that exciton migra- 
tion can occur also between carbazole chromophores 
separated by a small number of styrene units. As a 
consequence the lack of excimer emission in the inves- 
tigated samples must be attributed to the absence of 
excimer-forming sites that should be otherwise popu- 
lated rather efficiently by exciton migration. 

These data lend further support to earlier ob- 
servations that, in contrast to many other types of 
polymers with aromatic chromophores, polymers 
containing carbazole groups do not exhibit typical 
excimer emissions unless the carbazole group is 
attached directly to the polymer backbone [6, 13]. 

CONCLUSIONS 

Carbazole-containing styrenes 1 and 2 can easily 
polymerise both by free radical and Ziegler Natta in- 
itiators. However, in the latter case the usual anionic 
coordinate mechanism is not effective. In fact, homo- 
polymers obtained in the presence of both AIBN and 
AI(iBu)3/TiC14 are characterised by the same main 
chain tacticity, as evidenced by ~3C-NMR. Corre- 
spondingly attempted copolymerisation of 1 and 2 
with (S)-4-methyl-l-hexene (3) gave only mixtures of 
homopolymers. On the contrary, samples of poly(2) 
having prevailing syndiotactic, atactic and isotactic 
structures can be successfully prepared by chemical 
modification of suitable preformed poly(styrene)s. 
Fluorescence emission spectra of the samples under 
investigation are independent of monomer chemical 
structure and polymer backbone tacticity and exhibit 
only the emission typical of an isolated carbazole 
chromophore. No excimer emission is detectable. In 
all cases energy migration appears to be very efficient 
and it is concluded that the absence of excimer fluor- 
escence implies a very low concentration of excimer- 
forming sites. This conclusion is supported by u.v. 
and 1H-NMR spectra of poly(1) and poly(2) which 
indicate the absence of bands attributable to the onset 
of carbazole-carbazole interactions. 

These results further substantiate previous obser- 
vations that carbazole-containing polymers exhibit 

excimer fluorescence only when the carbazole moiety 
is directly linked to the polymer backbone. 
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