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ABSTRACT: A monomer containing two anthracene units, 7,16-dihydroxy-7,16-bis( l-octynyl)-7,16-di- 
hydroheptacene, was synthesized and caused to polymerize by irradiation with sunlight or its artificial equivalent. 
The polymerization was accompanied by the loss of the characteristic anthracene-like UV absorption of the 
monomer, implicating face-to-face dimerization of the anthracene units. The resulting mixtures of higher 
molecular weight substances were re_solved by precipitation fractionation. The major and highest molecular 
weight component, with apparent MJGPC) = 5600 and spread over the range 1000-12 000, was purified to 
homogeneity and characterized with regard to its spectroscopic properties, viscosity, exclusion behavior, and 
thermal stability. The results are consistent with the formulation of the polymer as a semirigid ladder, which 
is confined locally to  two dimensions as a consequence of the rigidity of the dianthracene units. 

In the course of planning efficient routes to large rigid 
macrocycles composed of fused rings, it became evident 
to us that such molecules might be obtained in good yield 
as byproduds from the polymerization of suitably designed 
monomer molecules, especially if the resulting oligomers 
were restricted conformationally in such a way that the 
reactive ends were constrained to exist only within a single 
plane. It further became apparent that polymers resulting 
from such systems, which might be called “two-dimensional 
polymers”, might be of interest themselves, by virtue of 
these conformational restrictions. 

Two-Dimensional Polymers. One can visualize two 
distinct ways to restrict polymer growth locally to two 
dimensions. One possibility consists of chains of fused 
planar rings, such as A, which resist twisting out of the 

A E 

plane of the atoms because i t  leads to a decrease in T 

overlap. The other possibility consists of chains of fused 
rings which are bisected by a common plane of symmetry 
(such as B), and where resistance to twisting out of this 
plane results from the inherent rigidity of the fused-ring 
units in the polymer. 

Polymers of type A have been reported in fair variety;’ 
typically these are obtained by cyclopolycondensations of 

complementary comonomers, e.g., aromatic tetramines 
with aromatic bis(anhydrides), and consist of fused het- 
erocyclic rings, although carbocyclic systems of this type 
are known.2 These are perhaps better described as “one- 
dimensional” as a result of their essentially linear con- 
stitution. Large all-planar fused-ring macrocycles might 
be prepared by similar cocondensations involving angularly 
constituted monomers, but this appears to have been 
unexplored to date; in any case, their lack of flexibility 
within the plane would reduce the likelihood of cyclization. 

Far more attractive for the latter purpose would be 
systems giving rise to polymers of type B. Varying degrees 
of flexibility within the plane of symmetry may be im- 
parted to the chain without sacrificing resistance to 
twisting out of that plane, depending upon the particular 
arrangement of fused rings involved. This in-plane flex- 
ibility may enhance the probability that two reactive ends 
of an oligomer will meet, resulting in the formation of novel 
fused-ring macrocycles; furthermore, it may impart a wide 
range of unusual and desirable physical properties to the 
polymers themselves, in contrast to known examples of 
polymers of type A, which are invariably brittle and in- 
soluble due to their extreme rigidity. 

Our research has therefore centered on development of 
systems expected to yield two-dimensional polymers of 
type B, which are at present almost entirely unexplored. 
Known examples of polymers of this type are limited to 
Diels-Alder oligomers of cyclopentadiene and 1,3-cyclo- 
hexadiene, which are reported not to have exceeded the 
hexamer stage.3 Higher molecular weight Diels-Alder 
copolymers of benzoquinone with 1,2-dimethylenecyclo- 
butane and 1,2,4,5-tetramethylenecyclohexane,3 which 
might superficially appear to be examples of type B 
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polymers, can be seen from analysis of Dreiding models 
to be subject to a surprising degree of flexibility out of the 
plane of symmetry and therefore not to be true members 
of this class. 

Other so-called "ladder" polymers, which might super- 
ficially appear to satisfy the requirements of a type B 
polymer, are formed by two-step ring-forming reactions, 
in which any interference with the second (cyclization) step 
(e.g., an intermolecular condensation) results in a flaw in 
the ladder constitution. Even a very small proportion of 
such flaws can be expected to have a large effect on the 
polymer's properties. Only a polymer formed via a one- 
step cyclization process (viz., a cycloaddition reaction) can 
have an obligate ladder structure. 

Constraints on Monomer Structure. Preparation of 
polymers of type B requires a monomer that (a) bears two 
mutually reactive functionalities that share a plane of 
symmetry, (b) polymerizes in a ring-forming process with 
maintenance of that plane of symmetry in the newly 
formed rings, and (c) gives rise to a system of fused rings 
that is resistant to twisting out of that plane of symmetry. 
A fourth requirement is necessary for the formation of the 
originally sought cyclic oligomers, viz., (d) the two ends 
of the growing polymer chain must bear the same mutually 
reactive functionalities as does the monomer. A pair of 
complementary comonomers would work equally well if 
their 1:l adduct were to meet the same constraints as those 
for the single bifunctional monomer. The simplest way 
of satisfying these criteria is to make use of cycloaddition 
as the crucial reaction and to arrange the components in 
the monomer so as to be bisected by the same plane of 
symmetry. 

All the aforementioned criteria are met by the monomer 
described herein, 7,16-bis(l-octynyl)-7,16-dihydro- 
heptacene-7,16-dioI (l), which can be induced to polym- 

- 
erize photochemically by face-to-face dimerization of its 
anthracene units. Previous work on polymerizations based 
on anthracene photodimerization4i5 provides useful data 
with which we may compare our results. We now present 
evidence that the resulting polymer has the expected 
part-structures 2a and/or 2b, and thus constitutes the first 
unambiguous example of a two-dimensional polymer of the 
second type. 
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It appears that the Diels-Alder reaction may also be 
applied successfully to the preparation of type B polymers. 
We have obtained favorable preliminary results for the 
thermal Diels-Alder copolymerization of 1 with p-benzo- 
quinone, to provide polymers of generalized structure 3; 

their properties will be reported in detail in a subsequent 
article. 
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Abbreviations. The following abbreviations are used 
throughout this paper: M,, and Mw, number- and 
weight-average molecular weight; DP,, and DPw, number- 
and weight-average degree of polymerization (chain 
length); GPC, gel permeation chromatography; TGA, 
thermogravimetric analysis; MWD, molecular weight dis- 
tribution. 

Experimental Section 
A. Materials. 7,16-Bis(l-octynyl)-7,16-dihydrohepta- 

cene-7,16-diol ( 1 ) .  l-Octynes (12.4 mL) in 50 mL of hexane 
(distilled from Na), deaerated by flushing with a stream of dry 
nitrogen, was stirred under positive nitrogen pressure and treated 
with 64 mL of 1.65 M methyllithium in hexane (Lithium Corp. 
of America). Sufficient THF (distilled from LiAlH,) was added 
to dissolve the initially formed precipitate. The resulting solution 
was transferred via cannula to a flask containing a stirred, ni- 
trogen-flushed suspension of 8.65 g of heptacene-7J6-quinone7 
in 50 mL of dry hexane. After 24 h of refluxing, a clear, deep red 
solution was obtained, and this was diluted with several volumes 
of dry ether and washed once with saturated aqueous NH4C1 and 
twice with water. The organic phase was dried over anhydrous 
Na2S04 and concentrated in vacuo. The residue was purified by 
chromatography on a short column of Fisher activated alumina 
(neutral), using 3:2 EtOAc-ether to elute the product as a yellow 
band. Concentration and recrystallization from CCl, afforded 
8.27 g (62%) of yellow crystals, mp 184-186 "C. Spectral data 
are reported in Table I. Anal. Calcd for C&4& C, 87.86; H, 
7.05. Found: C, 87.59; H, 7.18. 

Photopolymerization of Monomer 1. Poly[7,16-di- 
hydroxy-7,16-bis( 1-octynyl)-5,7,9,14,16,18-hexahydro- 
heptacene-5,18:9,14-tetrayl] (2). In a typical preparation, 
monomer 1 (0.2915 g) was dissolved in 33.7 mL of THF (distilled 
from LiAlHJ in a 100-mL quartz round-bottomed flask containing 
a magnetic stirring bar. The solution was degassed by four vacuum 
freeze-thaw cycles, the flask was vented with nitrogen, and then 
the solution was irradiated with a GE 275-W sunlamp (ventilated 
by forced-air cooling) under positive nitrogen pressure with 
constant stirring. During this time the solution turned from light 
yellow to light orange, and the characteristic anthracene-like 
absorption of the monomer at 277 nm was lost. After 48 h of 
irradiation, no further changes in the W spectrum were observed. 
The solution was concentrated under reduced pressure to 6 mL 
and subjected to a solvent fractionation procedure, involving 
partial precipitation of polymer by addition of an aliquot of 
methanol, followed by immediate centrifugation and washing of 
the precipitate with methanol. The details of the procedure, yields, 
and average molecular weight values of fractions are reported in 
Figure 1. The major polymeric component, designated 2-S1, 
obtained if! 51.5% yield, had the following physical p_arameters: 
apparent M, = 5600, apparent M ,  = 15000, apparent M, = 34400, 
H (dispersity) = 2.69, [q]mZ.(capillary) = 0.0662 dL/g. Spectral 
data for 2 4 1  are compared in Table I to data for related sub- 
stances. The polymer is very soluble in the solvents tetra- 
hydrofuran, toluene, chloroform, carbon tetrachloride, acetone, 
and diethyl ether. It is insoluble in methanol, ethanol, pentane, 
and hexane. It forms stable films on evaporation of its solutions. 

Preparation of the Anthracene Adduct of 1 (Model Com- 
pound 4). Monomer 1 (0.2519 g (0.4 mmol)) and anthracene 
(0.3005 g (1.69 mmol)) (MCB) were dissolved in 30 mL of freshly 
distilled THF in a 100-mL quartz round-bottomed flask, and the 
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Figure 1. Flow diagram for precipitation fractionation procedure. 

stirred solution was freeze degassed four times and irradiated 
under positive nitrogen pressure with an air-cooled GE 275-W 
sunlamp. A white precipitate began to  form after about 1 2  h; 
irradiation was continued for a total of 24 h. The precipitate was 
then fiitered (it was found to be anthracene dimer) and the fiitrate 
was concentrated to 15 mL, fiitered again, and fiially concentrated 
to 2 mL. This crude mixture was subjected to  preparative TLC 
on a freshly opened Whatman PLK5F plate, using 4 1  petroleum 
ether (B)-ether as eluent; the band at R, -0.5, constituting the 
major component, was removed and extracted with THF, affording 
on evaporation 0.0425 g of yellowish amorphous powder, mp 
144-148 "C, which was shown by TLC analysis to be homogeneous 
and distinct from monomer 1, anthracene, and anthracene dimer. 
Yield (calcd for 1:l adduct), 13.2%. Spectral data are reported 
in Table I. 

B. Polymer Characterization. Gel Permeation Chroma- 
tography. Unless otherwise noted, a Waters Model 6000A liquid 
chromatograph, equipped with two E-linear Bondage1 columns 
in series and a Waters Model 730 data module, was employed. 
UV absorption a t  254 nm was monitored, and the following 
standard conditions were routinely employed: Solvent, tetra- 
hydrofuran (Waters HPLC grade); pressure, 1500 psi; flow rate, 
0.9 mL/min. Samples of polystyrene molecular weight standards, 
assayed a t  MW values of 50000, 8500, 4000, and 1800, were 
obtained from Waters and employed for the studies described 
herein. 

After the system had reached a steady state, it was calibrated 
for a linear fit of number-average molecular weight vs. elution 
volume using the four standard polystyrene samples. The data 
module was programmed to treat about 50 slices of equal elution 
volume over the molecular weight range of the sample, and from 
the data so obtained, it directly calculated apparent number- and 
weight-average mqlecular weight values (referred to in this paper 
as MJapp) and MJapp), respectively), as follows: 

-@,,(aPp) E U i / Z ( A i / M i )  (1) 
I i 

where Ai and Mi are absorbance (254 nm) and extrapola_ted 
molecu_lar weight values, respectively, for slice i. Apparent DP, 
and DP, values are obtained by dividing these numbers by the 
monomer molecular weight (629). 

5 . 8 8  4 . 5 8  4.00 3.58 3.88 

Log MU 

Figure 2. GPC elution profile of polymer fraction 231. Mo- 
lecular weight scale is based on elution volumes of polystyrene 
standards. Solid line, UV absorbance at 254 nm; broken line, 
relative refractive index. 
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Figure 3. Optical absorption spectra. Solid line, monomer 1; 
dashed line, model compound 4; dotted line, polymer fraction 2-Sl. 
Values of for the polymer were based on monomer molecular 
weight. 

GPC Fractionation of Polymer 2-51. Fractions 2-G1 to 
2-G9. Polymer 2481 (0.01 g) was dissolved in 1 mL of THF. 
Twenty-five-microliter samples were injected into the chroma- 
tography system, and fractions were collected for each run a t  
intervals of 15 s (flow, 0.9 mL/min). This was repeated until the 
entire sample had been subjected to the procedure. The elution 
profile is shown in Figure 2. The fractions were individually 
characterized by GPC by dissolving each in 0.5 mL of T H F  and 
injecting 0.5-pL samples. Results are displayed in Table 11. 

General Spectroscopy. Details of spectroscopy are given 
along with results in Table I. Infrared spectra were obtained on 
a Perkin-Elmer 727-B spectrophotometer. Ultraviolet spectra 
were obtained on solutions in spectrograde THF in a 1-cm cell, 
employing a Cary 17D spectrophotometer, over a range of 5OC-240 
nm (Hg and W sources). They appear graphically in Figure 3. 
NMR spectra were recorded on a Varian CFT-20 spectrometer 
at 80 MHz ('H) or 20 MHz (13C), using CDC13 as solvent in all 
cases. 

Fluorescence Data. Spectra were recorded on a Perkin-Elmer 
MPF-3L fluorescence spectrophotometer interfaced to a digital 
plotter. A 1-cm cell was used, and spectrograde chloroform was 
used as solvent. Both slits were maintained at 6 nm. Emission 
spectra were obtained with an excitation wavelength of 335 nm 
(found to give maximal emission for polymer solutions; the spectra 
were relatively unaffected by the choice of wavelength). Excitation 
spectra were obtained with both 420- and 480-nm emission 
monitoring. Fluorescence data for the narrow-molecular-weight 
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Figure 4. Fluorescence spectra of 1, 24-31, and 4. Excitation 
spectra were obtained by monitoring emiasion at  420 nm; emission 
spectra were obtained with excitation at  335 nm. 
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Figure 5. Molecular weight dependence of fluorescence intensity 
for polymer fractions 2-G1 to 2-G5. The correlation line includes 
a point a t  (0,O). Excitation wavelength, 335 nm; emission 
wavelength, 520 nm. 

range fractions (2-G) are given in Table 11; other data are found 
in Figures 4 and 5. 

Thermogravimetric Analysis. A Mettler Model TA-1 vac- 
uum thermoanalyzer was employed. The finely ground sample 
was heated in vacuo at  a rate of 6 "C/min. Results for polymer 
2-51 and model compound 4 are as follows: 

2-s 1 4 

wt loss range 155-175 "C 180-245 "C 
% wt loss 12.0 f 0.5% 45 t 1% 
% octynyl moieties lost from 2 
% anthracene and/or octynyl 89% 

34% 

groups lost from 4 

Vacuum Thermolysis of Polymer 2. Fraction 2 3 1  (0.5021 
g) was placed in a 25-mL round-bottomed flask equipped with 
a short-path distilling head and receiving flask. The entire ap- 
paratus was evacuated with a mechanical pump and the receiving 
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Figure 6. Solution-phase thermal degradation of 2-S1 at 180 "C. 
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Figure 7. GPC monitoring of photopolymerization of 1. The 
two solid lines are least-squares fits of the pointa within their 
spans. 

flask was cooled in liquid nitrogen. The flask containing the 
polymer was heated with a thermostated oil bath, initially at 180 
O C ,  followed by a gradual increase in temperature to 250 "C. At  
about 180 "C, the polymer began visibly degrading, eventually 
becoming a charred brown-black mass. The distillate was analyzed 
by gas chromatography (Wft HIPAK/SEBO, 75 "C) and appeared 
to consist almost entirely of one component. This was collected 
and subjected to GC-mass spectroscopy, where it exhibited a 
spectrum nearly identical with that for 1-octyne (obtained from 
the NIH-EPA mass spectral data base). 

Solution-Phase Thermal Decomposition of Polymer 2. 
Polymer, fraction 2-SI (0.01 g), was dissolved in 10 mL of distilled 
triglyme (Aldrich, bp 216 "C), and 1 mL was pipetted into each 
of eight ampules. The solutions were individually freeze degassed 
(four cycles) and the ampules sealed under positive nitrogen 
pressure. They were immersed in a thermostated oil bath 
maintained at  180 & 5 "C for various lengths of time and then 
cooled immediately to room temperature, and the contents were 
subjected to molecular weight analysis by GPC (0.2-pL samples). 
The data were treated as described by Jellinek8 for random chain 
scission and plotted in Figure 6. 

C. Photopolymerization Studies. Molecular Weight 
Distribution Monitoring during Irradiation. Monomer 1 
(0.0224 g) was dissolved in 20 mL of THF, freeze degassed four 
times, and irradiated under nitrogen in a quartz round-bottomed 
flask equipped with a rubber septum (GE 275-W sunlamp). 
Periodically an aliquot of solution was removed by syringe, and 
a 0.2-pL sample was subjected to GPC analysis using the system 
described. The results are given in Figure 7. 

Effect of Initial Monomer Concentration of Polymeriza- 
tion. Samples of monomer 1 in distilled THF (made up to a 
volume of 30 mL) of varying concentrations were treated as above, 
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2-GI 
2-G2 
2-G3 
2-G4 
2-G5 
2-G6 
2-G7 
2-G8 
2-G9 

Total 0.0099. 

0.0006 
0.0008 
0.0010 
0.0012 
0.0016 
0.0019 
0.0013 
0.0009 
0.0006 

11500 
9500 
7550 
5050 
51 50 
33 00 
1850 
1000 
1000 

Table I1 
Data on Narrow-Molecular-Weight Fractions 2-G1 to 2-G9 

fluorescence wt absorpt 
g M,(app M,(aw) Z,,,/concn (254 nm), L/g 

24200 0.416 1.3 
17000 
13700 

8750 
8650 
5200 
3100 
1800 
1400 

0.853 2.8 
1.070 7.3 
1.187 16.9 
1.297 22.3 
0.908 26.0 
1.614 21.1 
1.500 18.8 
0.600 6.6 

, E+3 

a 00 

E- I 

0 8'2 E 2@ 0 40 E 66 E 86 I E0 

CONCENTRATION (UT X )  

Figure 8. Effect of initial monomer concentration on ultimate 
ayerage molecular weight of polymer. Upper_ points represent 
MJapp) values and lower points represent Mn(app) values. 

irradiating each sample until all UV absorption due to monomer 
had disappeared. The solutions were concentrated to N 1 mL and 
they were subjected to GPC analysis using the system described. 
The results are shown in Figure 8. 

Results and Discussion 
The synthesis of monomer 1 from 7,16-heptacene- 

quinone was the result of numerous attempts to prepare 
symmetrical bis(anthracenes) by addition of various or- 
ganometallic reagents to the quinone, which is exceedingly 
insoluble in all solvents. Most such reactions afforded 
complex mixtures containing highly colored products, 
possibly resulting from conjugate addition of the organo- 
metal to the quinone or from processes involving electron 
transfer from the organometal to the quinone. Optimal 
results were obtained with a highly ionic or polarized 
reagent (a lithium acetylide) in a very nonpolar solvent 
(hexane), favoring the hard-hard interactions that lead to 
normal carbonyl addition. The long side chains were 
chosen to improve the solubility properties of the monomer 
and polymer. 

The structure of 1 is confirmed by IH and 13C NMR, IR, 
UV (see Table I), and elemental analysis; the relative 
stereochemistry of the substituents on the 7,16 positions 
has not been elucidated, although owing to its apparent 
spectroscopic and chromatographic homogeneity, it is 
probably a single isomer. By analogy to the behavior of 
pentacene-6,13-quinone toward phenyl Grignard (conclu- 
sively shown to afford trans productg), the trans structure 
is viewed as most likely for 1. Attempts to prepare a cyclic 
version of 1, which could exist only in the cis-diol form, 
by addition of dilithium salts of 1,5-hexadiyne and 1,7- 
octadiyne to the quinone were unsuccessful. 

Characterization of polymer 2 was facilitated by a com- 
parison of its spectral data with those of both monomer 
1 and a model compound 4 prepared by irradiating 1 in 
the presence of excess anthracene. Model compound 4, 
although only partially characterized, is formulated as a 
monoanthracene adduct, owing to unambiguous UV and 
fluorescence data indicating the presence of an anthracene 
chromophore. NMR and IR data are reasonably consistent 
with this formulation (see Table I). 

The most revealing IR and NMR spectral changes that 
occur in going from the monomer to the polymer are (1) 
loss of the characteristic 1620-cm-' aromatic ring stretch 
associated with the anthracene system and its replacement 
by a band a t  about 1600 cm-' (the latter is found also in 
durene and is probably characteristic of a 1,2,4,5-tetra- 
substituted benzene), (2) replacement of a single band at 
1460 cm-l with a doublet at 1460 and 1480 cm-I (a similar 
change has been observed in polymerization of other bis- 
(anthracene) monomersLthe doublet is characteristic of 
the anthracene dimer system), (3) loss of sharp anthracene 
NMR singlets a t  6 8.68 and 8.43, with appearance of 
bridgehead absorptions a t  6 3.25-4.38 (as compared to 6 
3.70 and 4.20 for an analogous system,& and (4) appearance 
of a carbon at 6 53.58 in the 13C NMR spectrum of the 
polymer, which agrees well with a chemical shift of 6 50.4 
reported for the bridgehead carbon of norbornadiene.'O 
The model compound 4 exhibits features of both monomer 
and polymer; its 'H NMR spectrum shows only two of the 
four uncoupled anthracene protons, the others possibly 
buried upfield due to ring current effects. Marked upfield 
shifts of aromatic protons are seen in the polymer 'H NMR 
spectrum, which was considerably broadened overall. All 
these data strongly support the formulation of the polymer 
as 2. 

Considerable difficulty was encountered in the inter- 
pretation of molecular weight data for polymer 2. It must 
be emphasized that-+ values reported herein for apparent 
Mn, AT,, DPn, and DP, are, of necessity, relative and not 
absolute values, as they are based upon the viscosity/ 
molecular weight relationship of the polystyrene molecular 
weight standards. However, two pieces of evidence lend 
some validity, in an absolute sense, to the numbers re- 
ported here. First, the monomer (A4 = 629), which itself 
is quite rigid, upon GPC analysis in this system afforded 
Mn = 637 f 50. Second, the extinction coefficient of the 
268-nm UV band of the polymer comes very close to that 
calculated from its apparent DPn based on GPC (vide 
infra). 

A second, and more serious, problem stems from the 
uncertain relationship between molecular weight and ex- 
tinction coefficient in the polymer presently under dis- 
cussion. For polymers of the usual type (e.g., polystyrene) 
in which the number of chromophores is proportional to 
molecular weight, it is assumed that the absorbance Ai due 
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to any fraction i of the polymer is proportional to the 
weight of that fraction Wi per unit solution volume V, or 

where K and V are invariant over all i. On the basis of 
this assumptio_n, we can derive from the definitions of 
M,,(app) and Mw(app) given in the experimental section 
(eq 1 and 2) the conclusion that these values in fact cor- 
respond to true number- and weight-average molecular 
weight values: 

Ai = KWi/V (3) 

Poly(7,16-dihydroheptacenes) 945 

C (Mi;  Wi ) C (Mi Wi) 
- = Mw(actual) (5 )  

i 

:( 5.) i 

- 
C Wi 

Mw(app) = 

A different situation will hold for other types of poly- 
mers. In the case of structure 2, where, a t  least for rela- 
tively low degrees of polymerization, the anthracene 
chromophores at the ends will dominate the UV absorp- 
tion, the polymer will absorb proportionally less as mo- 
lecular weight increases: 

K Wi A i = - -  
V Mi 

or 

Under such circumstances, the MJapp) and MW(app) 
values must be interpreted differently: 

Similarly, MJapp) can be interpreted as Gw(actual). 
MJapp) takes on a deflated value which may have no 
physical significance: 

In order to determine the extent to which the polymer 
(fraction 2-S1) was behaving according to eq 6, it was 
necessary to subject it to preparative fractionation by GPC. 
This provided nine fractions (referred to as 2-Gl to 2-G9) 
whose weights, apparent molecular weight distributions, 
fluorescence spectra, and absorptivity by weight (254 nm) 
were determined (see Table 11). The latter values are 
plotted in Figure 9, where it can be seen that, a t  least a t  
higher M,,(app), log (absorptivity) drops off linearly with 
increasing log (M,,). The slope is greater in magnitude than 
the value of -1 predicted by eq 6, which may simply reflect 
the fact that the @,,(app) values are deflated according to 
eq 8. It may also be noted that the a,, and Mw values 
calculated from the &fW(app) data on the “G” fractions are 

4 , 5 0 1  

4 . 0 0 1  

0 

0 0  
0 

0 

0 0 

2 . 5 0  3 . 0 0  3 . 5 0  4 . 0 0  4 .50  

Log ii, 
Figure 9. Molar absorptivity (based on monomer molecular 
weight) of polymer fractions 2-G1 to 2-G9 as a function of MJapp). 

Table 111 
Comparison of Molecular Weight Data 

Obtained by Different Means 
mn ii;i, 

apparent (GPC-with UV monitoring) 5600 15100 
as calcd from M_,(app) data in Table I1 4500 8300 
as calcd from M,(app) data from Table 11, 4800 21600 

modified as described in textu 
(I Modified a, data: 2-G1, 148 500; 2-G2, 68 900; 

2-G3, 26 300; 2-G4, 11 400. 

deflated related to those obtained directly for 2 3 1  (see 
Table 111). This discrepancy, originally pointed out by 
a referee, led us to the initial recognition of the problem 
at  hand. The similarity of shape between the UV and 
refractive index elution curves for the polymer “S” frac- 
tions (for example, see Figure 2) had initially led us to place 
confidence in the UV data. 

We have arrived at a means of resolving this discrepancy 
based on the presumed validity of eq 6 at higher molecular 
weight values. (It might be reasoned that the lower mo- 
lecular weight components remained as such during the 
polymerization due to partial loss of their anthracene 
functionalities, as discussed below.) Mw values for fractions 
2-G1 to 2-G4 were inflated so as to give a modified plot 
analogous to Figure 9, but with a slope of -1 intersecting 
the point corresponding to 2-G5. These new Mw values 
were used to calculate overall fin and Mw values, which 
are given in Table I11 and which are more consistent with 
the “apparent” values obtained directly. It would probably 
be foolish to put any faith in the validity of these individual 
Mw values, but this exercise confirmed our interpretation 
of the “apparent” molecule weight averages as valid con- 
servative estimates. All molecular weight data appearing 
in the figures are “apparent” values. 

The optical spectra provide additional evidence in sup- 
port of the proposed structures of 1,2, and 4 (Figure 3). 
The monomer exhibits a red shift of 3900 cm-’ (vs. an- 
thracene) in the short-wavelength band due to coupling 
of the two anthracene chromophores along their mutual 
long axis. This is diminished in the polymer and all but 
eliminated in the model compound, which contains a single 
chromophore. The long-wavelength bands exhibit con- 
siderably weaker coupling. The 268-nm band of the 
polymer has a log E value of 4.74, which agrees well yith 
the value of 4.66 calculated by assuming an apparent DP, 
of 8.91 (based on molecular weight data),” and two red- 
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shifted anthracene chromophores plus internal durene and 
xylene units. The presence of anthracene units is clearly 
seen in the fluorescence excitation spectrum of 2, even 
though they are essentially visible in the absorption 
spectrum (see Figure 4). All of the above observations lend 
strong support to the proposed structures 2. 

The model compound and all polymer fractions exhibit 
broad excimer-like fluorescence at 470-520 nm, with un- 
perturbed anthracene fluorescence nearly absent in the 
polymer. The concentration and solvent dependence of 
the fluorescence behavior was typical for intermolecular 
excimer formation involving the anthracene end groups 
and argues strongly against electronic interactions of in- 
ternal benzene chromophores as the source of this band. 
At  very low concentrations in chloroform, a dissociated 
anthracene-like fluorescence band appeared in the spectra 
of the 2 4 1  fraction; the ratio of dissociated (420 nm, t = 
0) to excimer (495 nm, c = 0) fluorescence was found to 
vary linearly with inverse concentration. Total suppression 
of excimer behavior was not possible, even at  very low 
concentrations. In l-chloronaphthalene as solvent (ex- 
pected to solvate anthracene rings more favorably), excimer 
fluorescence was largely suppressed even at higher polymer 
concentrations, but spectral interference by solvent pre- 
vented good nonexcimer spectra from being obtained. The 
very strong tendency toward excimer formation in the 
polymer systems may be interpreted in several ways. One 
possibility is that a high degree of polymer aggregation may 
exist even in relatively good solvents such as chloroform. 
However, no irreproducibility in GPC results or nonlin- 
earity in the capillary viscosity study was observed, pos- 
sibly because aggregation is less favorable in THF. Al- 
ternatively, the lack of excimer fluorescence in the mo- 
nomer may reflect a much more rapid rate of decay of the 
dissociated excited states (before excimers have a change 
to form) or preferential decay of the excimers, if any, by 
nonradiative processes such as the desired photo- 
dimerization reaction. It is likely that excimers involving 
polymer end groups will experience steric inhibition of 
photodimerization and therefore would be more easily 
observable by their fluorescence. 

The assumption that excimer-like fluorescence behavior 
in the polymer is due to the interactions of anthracene end 
groups is further supported by fluorescence studies on 
individual narrow-molecular-weight range "G" fractions 
obtained by preparative GPC of the 2 4 1  polymer fraction. 
A fairly good inverse correlation of fluorescence intensity 
with molecular weight is observed in the fractions of higher 
molecular weight (see Figure 5), and this ceases to hold 
for the lower molecular weight fra_ctions. A somewhat 
better correlation is obtained for Mw(app) than for A&- 
(app), which is in agreement with the expectation that for 
a polymer in which c remains constant with increasing M, 
the Mw(app) values will correspond to MJactual) values 
(see above). Essentially all the fluorescence of these 
fractions was of the excimer type, and the spectra were all 
nearly identical in overall shape, so comparison of their 
relative intensities in this way was taken to be valid. I t  
was not established that the polymer fractions all absorb 
with equal efficiency at the excitation wavelength (indeed, 
the absorptivity data (254 nm) in Table I1 would imply 
otherwise); this may account for the deviation from line- 
arity observed. 

The lower molecular weight G fractions exhibit consid- 
erably weaker fluorescence than expected (see Table 11), 
indicating that some of the anthracene end groups in these 
fractions are not intact, due to either cyclic oligomer for- 
mation (discussed below) or side reactions (e.g., photo- 
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Figure 10. Scott plot13 for solution-phase thermal degradation 
of 241.  The solid line is the theoretical curve for a Schulz-Zimm 
MWD with initial H = 2.69 (obtained for 281 experimentally 
by GPC). 

oxidation). These fluorescence intensities cannot be com- 
pared directly to that of the monomer, due to its lack of 
the excimer-like band. The isolation of pure individual 
oligomers, each bearing a pair of anthracene chromophores 
held in a well-defined relative geometry, would provide a 
unique system for investigating the nature of long-range 
energy transfer and electron-transfer processes. 

The thermal stability of the polymer is relatively low, 
due both to the tendency for the alkynylcarbinol func- 
tionality to eliminate alkyne and regenerate a carbonyl 
group and to the tendency of the anthracene dimer units 
to undergo thermal cycloreversion, both of which were 
clearly seen in experimental studies and confirmed in the 
model compound. TGA studies, reflecting only loss of 
volatile groups, showed a solid-phase decomposition 
threshold temperature of 155 "C and a 12% weight loss; 
this was shown to be almost entirely due to loss of l-octyne 
by GC-mass spectral characterization of volatilized prod- 
ucts. The model compound decomposed at a somewhat 
higher temperature and to an extent possible only if both 
octyne and anthracene groups were lost. Anthracene dimer 
showed no decomposition until 225 "C. This trend seems 
logical in view of the additional steric crowding and me- 
chanical stresses expected to bear on the dianthracene 
units in the polymer system. 

Solution-phase thermal decomposition studies showed 
rapid depolymerization at  180 "C (loss of octynyl groups 
would have only minor effects on apparent molecular 
weight) as seen in Figure 6, with an apparent slow "re- 
forming'' process of unknown origin in competition. The 
first few points of this curve fit to an apparent initial 
cleavage rate constant of 0.35 min-', when treated ac- 
cording to Wall and co-workers.12 Evidence supporting a 
random chain scission mechanism for the degradation was 
obtained by treating molecular weight distribution data 
a t  various stages of degradation as described by S ~ o t t , ' ~  
assuming a Schulz-Zimm MWD (Figure 10). The nearly 
perfect agreement with the theoretical curve argues against 
the interesting possibility that electronically excited an- 
thracene units generated by thermal chain cleavage might 
enhance the rate of cleavage of adjacent dianthracene units 
by some kind of energy-transfer process. 

The photopolymerization of 1 with sunlight gave com- 
parable results, except that the process was considerably 
slower (requiring roughly 2 weeks to effect nearly complete 
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destruction of the anthracene chromophore). Use of 
254-nm light (Rayonet) gave a substantial amount of 
photoelimination of 1-octyne from 1 and a higher pro- 
portion of low-molecular-weight byproducts. 

Some insight into the nature of the polymerization 
process was gained by studying the effect on polymer 
molecular weight distribution of both extent of polymer- 
ization and initial monomer concentration. Two distinct 
rate processes were noted in following the MWD during 
the polymerization process (Figure 7); initially, the product 
is nearly monodisperse and remains so until, at M > lO00, 
it begins to become increasingly polydisperse. This may 
reflect an initial rapid consumption of monomer to form 
dimers, followed by a slower (more sterically hindered) 
polymerization of dimers. The observation that ultimate 
polymer molecular weight depends on initial monomer 
concentration (Figure 8) probably results from an increased 
tendency of oligomers to undergo some (pseudo) fust-order 
side reaction rather than polymerize further (second order) 
as their concentration decreases. The exact nature of this 
reaction is unknown, but it probably involves the de- 
struction of anthracene chromophores, as these are ob- 
served to be present in deficient amounts in the lower 
molecular weight components of the polymer (see Table 
11). 

Photooxidation due to traces of 02, which remained in 
spite of careful degassing, and cyclization of oligomers by 
face-to-face anthracene photodimerization are possible 
competing reactions. The latter process is of special in- 
terest to us, owing to the unusual structure of the resulting 
fused-ring macrocycles, and constitutes the initial impetus 
that led us to carry out this study. 
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