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Excimer formation has been studied in polyesters in which the repeating unit is represented by the formula 
ABm, where A is p--OOC---C6H4~OO , B is CH2 and m=2 . . . . .  6. In dichloroethane, dioxane and ethyl 
acetate, the ratio of excimer to monomer emission, ID/lr~, exhibits an odd--even effect, with the largest value 
of ID/I M seen in the polyester with m = 3. The conformations conducive to excimer formation by nearest 
neighbour aromatic rings are identified with the aid of a rotational isomeric state analysis of C6Hs-COO-  
Bra--OOC--C6Hs. A single species completely dominates the excimer formation when m = 2. As m increases 
more species can adopt the excimer-forming geometry. When rn = 6, no conformation accounts for more than 

1/7 of the excimers present. The equilibrium rotational isomeric state analysis can rationalize the 
occurrence of the largest value of ID/I M at m = 3 and the existence of an odd--even effect at m = 2 . . . .  ,5. 
However, it overestimates the importance of the excimers when m = 6. 

(Keywords: polyester; chain conformation; excimer) 

I N T R O D U C T I O N  alkanes. The behaviour of the end-labelled normal 

Excimer emission from polystyrene has been known alkanes implies that a series of polymers with the 
about  for over two decades x. The dominant  excimer is repeating sequence - A - B , , -  (where A is a chromophore  

that is capable of excimer formation, B is a flexible spacer, 
formed by phenyl groups that are part  of a meso dyad in 

and m ranges over small integers) may exhibit a 
the trans-trans conformation 2'3. Excimer emission is also 
observed in a variety of 1,3-diarylpropanes and 2,4- complicated dependence of excimer emission on m. A 

satisfactory theoretical assignment of the conformations 
diarylpentanes that contain other chromophores  4. The conducive to excimer formation in these polymers should 
photophysical behaviour of these molecules is clearly account for the observed variation of excimer emission 
determined by the interaction of the chromophores  in the 
local conformations accessible to the doubly labelled with m. That  objective has recently been achieved in a 

series where A is terephthalyl and B is CH2CH2 O9. In this 
compounds.  The overall conformation is much more series, the excimer emission is stronger when m = 2 than 
important  than the local conformation when the two aryl when m is either 1 or 3. Figure la  depicts a portion of the 
chromophores  are separated by a very large number  of chain that exhibits the greatest ratio of excimer to 
bonds. The system that best illustrates this behaviour is monomer  emission. A theoretical identification of the 
provided by dilute solutions of polystyrene chains end- 
labelled with pyrene groups 5. The ratio of the emission 
from the pyrene excimer to the pyrene monomer  in the a 
end-labelled polystyrenes decreases monotonically as the o o 
degree of polymerization increases from 60 to 20005, as I I  I I  
expected from a consideration of the macrocyclization 
equilibria of long chain molecules 6'7. ° ~ ° ~ °  

A more complicated dependence of excimer formation 
on degree of polymerization should be seen with smaller 
molecules in which there is a gradual increase in the 
number  of rotatable bonds between the two aryl b 0 o 
chromophores.  The local conformation is of the greatest I I  I I  
importance when the number  of flexible bonds is small, ~ o ~ O  
and the overall conformation gradually assumes the 
dominant role as the number  of rotatable bonds 
increases. The influence of the local conformations is 
clearly evident in the chain length dependence of excimer Figure I Fragments of the polyesters with the largest ratio of excimer 

to monomer emission in the series with (a) ethylene oxide and (b) 
emission in the phenyl 2 and pyrene a end-labelled normal methylene spacers. The bonds with the symmetric threefold rotation 

potentials considered in the rotational isomeric state analysis are 
* To whom correspondence should be addressed indicated in (b) 
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conformations conducive to excimer formation, achieved were set for magic angle conditions 14. Slits were 8 nm for 
with rotational isomeric state theory, finds that these excitation and 8 nm (4 nm) for emission for dilute 
conformations are more easily populated when m = 2  (concentrated) solutions. Solvent blanks were measured 
than when m = 1 or 3, in agreement with the results of the and subtracted from the observed spectra. Right angle 
fluorescence emission, and front face illumination (incident angle 60 ° ) were used 

The present work shifts attention to the related series in for dilute and concentrated solutions, respectively. 
which the flexible spacer is a polymethylene fragment, i.e. Typical absorbances at the wavelength of excitation were 
where B is CH 2. The important experimental result is the 0.10-0.15 for dilute solutions, and the polymer was 
observation of an odd-even effect in the ratio of excimer present at ~ 2 g 1-1 in the concentrated solutions. All 
emission to monomer emission in this series of polymers measurements were performed at 25°C. 
when m = 2 , . . . , 6 .  Figure lb depicts a portion of the 
polymer in which m = 3. This chain is the member of the Rotational isomeric state models 
present series that has the largest ratio of excimer to The rotational isomeric state analysis considers the 
monomer emission. A conformational analysis using fragment between two successive aromatic rings. This 
rotational isomeric theory identifies the probable fragment is depicted in Figure lb for m =  3. The analysis 
excimer-forming conformations. The probability for also considered fragments in which m =2 ,  4, 5 or 6. The 
occupancy of these conformations shows an odd-even conformation partition function, Zm, is assembled using 
effect for m = 2  . . . . .  5. This paper first describes the rotational isomeric state models for polyethylene 15, 
experimental observations, then compares these aromatic polyesters 16 and polyoxyalkanes 17. The ester 
observations with the predictions from rotational group is confined to the planar trans conformation, and it 
isomeric state theory, and finally describes the most shares this plane with the aromatic ring to which it is 
important excimer-forming conformations at each m. A bonded ~6. The m +  1 bonds with a symmetric threefold 
preliminary communication described the ratio of rotation potential are the m -  1 CH2-CH 2 bonds and the 
excimer to monomer emission and a very brief account of immediately adjacent O-CH2 and CH2--O bonds. 
the rotational isomeric state analysis t°. Rotation about these bonds is indicated in Figure Ib for 

the fragment with m = 3. Each of the m + 1 bonds can 
M E T H O D S  occupy any one of three rotational isomers, denoted by t, 

g + and g -  The conformation partition function, Zm, can 
Fluorescence be written as 

The macromolecules studied are polyesters prepared 
from terephthaloyl chloride and HO(CH2)mOH, Zm= U~U2... Urn+2 (1) 
m = 2 . . . .  ,6. Dimethyl terephthalate was used as a model 
compound. Samples of low molecular weight were After taking advantage of the condensation in matrix size 
prepared by a minor modification of the method permitted by the symmetry of the threefold rotation 
described earlier for poly(terephthaloyl trans-2,5- potential is, the terminal statistical weight matrices are 
dimethylpiperazine) tl .  Based on their intrinsic viscosities 
in phenol:tetrachloroethane at 20°C and the tabulated U 1 = 1-1 2ol] (2) 
viscosity-molecular weight relationships reported for 
poly(ethylene terephthalate) under these conditions 12, U~ + 2 = [1 1] (3) 
these samples have molecular weights of approximately 
3000-5000. These samples were used for most of the and all remaining U/are  of the form 
experiments because they are more soluble than the 
samples of higher molecular weight. Samples of higher ill 2tr, 1 
molecular weight were prepared by interfacial Ui= (4) 
polymerization la. The molecular weights of these 6/(1-I-to/) 
samples were not measured because of their low 
solubilities. Solvents of spectrophotometric grade were The values of the statistical weights are presented in Table 
purchased from Aldrich and used in the fluorescence l .Thefi rs t -order interact ionin the CH2~]H2-CH2-CH2 
measurements without further purification, fragment, and the second-order interaction in the CH 2- 

Fluorescence measurements were performed with an  CH2-CH2--CH2-CH 2 fragment, are those appropriate 
SLM 8000C fluorometer equipped with a double for an unperturbed polyethylene chain at 300 K 1 s. The 
monochromator  on the excitation side. The polarizers statistical weights employed for the polymer with m = 2 

Table 1 Statistical weights for U~ when m=2 ..... 6 

a for o~ for 

m=2 3 4 5 6 m=2 3 4 5 6 

i= 1 0.51 0.51 0.51 0.51 0.51 
2 3.9 2.0 1.4 1.4 1.4 0.034 0 0 0 0 
3 0.51 2.0 0.43 0.43 0.43 0.034 0.51 0.39 0.39 0.39 
4 0.51 1.4 0.43 0.43 0 0.39 0.034 0.034 
5 0.51 1.4 0.43 0 0.39 0.034 
6 0.51 1.4 0 0.39 
7 0.51 0 
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Table 2 Bond lengths and bond angles little emission at 390 nm, a convenient measurement of 
the ratio of excimer to monomer emission is provided by 

Bond Length (pm) Bond angle Angle (deg) the ratio of the intensities at 390 and 324 nm 6, which is 

ca r - c  ar 140 car-car-c ar 120 denoted by ID/IM. Similar emission spectra are seen with 
car-c ' 147 car-car-c ' 120 the samples of low and high molecular weight. 
C'~O 134 car-c'-O 125 Figure 3 depicts the behaviour of ID/IM as a function of 
O-C 144 C'-O-C 113 the number of methylene spacer units. The spectra were 
C-C 153 O-C-C 110 

C-C-C 112 obtained in dilute solution in dichloroethane, p-dioxane 
and ethyl acetate. There is an odd-even effect for ID/IM in 
each solvent. The largest value of 1D/1M is seen for the 
polymer with m = 3, and the next highest value is obtained 
when m = 5. Lower values of IO/IM are seen for the three 
polymers in which m is even. The odd-even effect is also 
evident in the quantum yields for fluorescence in the same 
systems, as shown in Figure 4. The quantum yield for the 

.~ polymer with m = 2, which was synthesized as described in 
the 'Methods'  section, is lower than that obtained with 

.~ the commercial material studied earlier 9. 

.~ The polymers can be examined in more concentrated 
solutions in trifluoroacetic acid because they have greater 

tu solubility in this medium. The behaviour of ID/IM is 
depicted in Figure 5. The odd-even effect is not as 
dramatic in this solvent system as in the less strongly 

300 350 400 450 
(rim) 

Figure 2 Emission spectra for dimethyl terephthalate (DMT) and the 
polyesters with m = 2 , . . . ,  6. The solvent is dichloroethane, temperature 3.0 
is 25°C, excitation is at 286 nm and the emission spectra are normalized 
at 324 nm 1.2 

1.0 

are from Riande and Guzman 16. All remaining statistical -~ 0.8 
weights are those described for the most nearly equivalent ,.~ 
fragment in the polyoxyalkanes studied by Abe and 0.6 
Mark 17. Specifically, the first-order interaction for O -  
C H 2 ~ C H 2 ~ H  2 and the second-order interactions for C -  0.4 
O ~ H 2 ~ C H E ~ C H 2  and O ~ H 2 ~ H 2 ~ C H 2 ~ H 2  are 
assigned the values appropriate for poly(trimethylene 0.2 
oxide) and poly(tetramethylene oxide). The bond lengths 
and bond angles, taken from earlier work on 0 
polyethylene 1 s and aromatic polyestersX 6, are collected in 2 3 4 5 
Table 2. Dihedral angles for g + and g -  were centred 120 ° m 
from the dihedral angle for t. Figure 3 1D/IM for the polyesters of low (D) and high (A) molecular 

weight in dichloroethane, and for the polyesters of low molecular weight 
in p-dioxane (C)) and ethyl acetate (+)  

F L U O R E S C E N C E  

Figure 2 depicts normalized emission spectra, observed 
upon excitation at 286 nm, for dimethyl terephthalate and 
the high molecular weight polyester series (m = 2 . . . . .  6) in 
dilute solution in dichloroethane. The spectra are 0.004 
normalized at the wavelength of the maximum emission 
with dimethyl terephthalate. Emission by the polymers ~ 

E spans a broader spectral region than that seen from the 2 
model compound, with substantial intensity far to the red 
of the emission from dimethyl terephthalate. The spectral o 
range covered by the emission is similar to that seen in the 0.002 
series of polyesters that contain ethylene oxide spacers 9. 
Dimethyl terephthalate and the polymers have similar 
excitation spectra (not shown). The excitation spectra for 
the polymers do not change when the wavelength of the 
emission shifts from 324 nm to 390 nm. Similar effects 
were observed in the polyester series in which the flexible 0 § ~ ~ ~ 
spacer was (CHzCH20)m 9. The broadening and red shift m 
of the emission band in the polymers is attributed to Figure4 Quantumyieldsforfluorescenceforthepolyestersconsidered 
excimer formation. Since dimethyl terephthalate shows in Figure 3, using the same symbols 
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within a conformational energy well are much more rapid 
than the decay of the excited state. 

0.6 Computat ional  labour  is reduced by examination of 
only a single member  of each pair of mirror  images and by 
invoking the assumption that an excimer-forming 

~. 0.4 conformation must have at least one gauche placement. 
The number  of conformations to be examined is thereby 
reduced from 9" + 1 to (9 ~ + i _ 3" + 1)/2. For  m = 2 . . . . .  6, 

o.2 the numbers of conformations examined are 351, 3240, 
29403, 265356 and 2390391, respectively. 

o ½ 3 ~ '5 '6 Equally weighted conformations 
m When all a i and co t are assigned a value of 1, Z,, is the 

Figure 5 ID/IM in trifluoroacetic acid for the polyesters of low number  of combinations of conformational energy wells 
molecular weight in dilute (73) and concentrated (+)  solutions, and the accessible to the fragment, i.e. Z= = 3" + 1. The probability 
series of high molecular weight in dilute (O) and concentrated (A) for observation of a specific combination of 
solutions. Solvents are 99 ~ and 60~o trifluoroacetic acid for the dilute conformational energy wells is simply l/Z'. The dashed 
and concentrated solutions, respectively lines in Figure 6 depict the sums of the probabilities of 

those combinations of conformational energy wells that 
satisfy either of two sets of criteria for excimer formation. 

interacting media, but it is still evident, particularly at Set A has Zmi. = 325 pm, Zmax = 400 pm, Xymax = 140 pm and 
m = 3 .  ~km~x=40 °. Set B employs the more selective criteria 

Zmm = 335 pm, Zma~ = 390 pm, Xymax = 135 pm and 
~kma x = 40 °. Both sets yield the same results for m = 2. The 

R O T A T I O N A L  I S O M E R I C  STATE ANALYSIS more selective criteria yield smaller probabilities for 

Conformations conducive to excimer formation by m = 3  . . . . .  6. Both sets yield an odd-even effect for 
nearest neighbour aromatic rings were identified in the m = 2 . . . . .  5. This feature is in qualitative agreement with 
manner  initially described in the investigation of the the behaviour of ID/Iu depicted in Figure 3. The most 
polyester series with ethylene oxide spacers 9. The ideal important  discrepancy between these probabilities and 
target is a conformation that has the two rings oriented so the ID/I M in Figure 3 is seen at m = 6. This polymer has an 
that the normals to their planes are parallel, the line ID/Iu that propagates the odd--even effect seen at smaller 
joining the centres is parallel to the normals,  and the 
centres of the tings are separated by 350pm. Some 
tolerance must be used for these criteria because the o.2 
rotational isomeric state analysis does not continuously = ' ' ' 
sample conformational space. The tolerances are most 
easily described in terms of a Cartesian coordinate system • A / 
with its origin at the centre of mass of one of the rings. Its 
z-axis is perpendicular to the plane of this ring. A ] ~i ] _0 
conformation is accepted if the centre of mass of the other ]1 ~ l / / ! B  
ring has an absolute value of the z-coordinate, denoted by 
Izl, in the range Zmi n < Izl < Zma x and a radial distance in the ~ ~¢0 
x-y plane in the range O<(x2+y2)l/2<xy . . . .  and the • 
angle between the normals to the rings, ~, is in the range ~ I / \ 

o.11" I /  = \  / / The usual rotational analysis for the aromatic o | 
polyesters assigns three rotational isomers to each of o_ ell X I[ el I / 
m + 1 bonds, giving 3" + ~ conformations for the fragment. A 

In the present application, this set is enlarged to 9 "+ a 
conformations by assignment of three dihedral angles, 
instead of a single dihedral angle, to each rotational 
isomer. One dihedral angle is 180 ° , 60 ° or - 6 0  ° , 
depending upon whether the rotational isomer is a trans 
or gauche state. The other two dihedral angles are 
symmetrically displaced by 20 ° about  the usual value. The 
purpose of the three dihedral angles for each rotational 
isomer is to sample more closely the conformational 0 2 3 4 fi 6 
space that becomes accessible as a result of thermally m 

inducedosc i l l a t ionsofad ihedra langlenear theminimum Figure 6 Probabilities, calculated from equilibrium rotational 
in the conformational energy well. It is assumed that the isomeric state theory, for the occupancy of conformations conducive to 
fragment represented by a particular string of m + 1 letters excimer formation by nearest neighbour aromatic rings. The dashed line 
selected from t, g + and g -  will form an excimer if any one depicts the results when all conformations are weighted equally, and the 

solid line is calculated utilizing a realistic set of statistical weights (Table 
of its 3 "+x conformations satisfies the tolerances 1). Set A employs Zmin=325pm, Zmax=400pm, Xymax=140pm and 
described in the preceding paragraph.  Therefore it is ¢,m~x=40 °, and set B employs Zmin=335pm, Zma~=390pm, 
assumed that the excimer is a trap and that oscillations Xyma x = 135 pm and ~bma x =40 ° 
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Table 3 Dominant excimer-forming conformations 

m Conformation p" p/E pb II o ~ H to ~ 

2 g+g-g+ 0.0001 1.00 2.0 0.0012 
3 g+g+g-t 0.0743 0.80 2.0 0.51 

g+g+g g 0.0189, 0.20 1.0 0 . 5 1  ~ ~,%~"- " ~ .  
4 g+g+tg+g + 0.0169 0.52 0.51 1 

g+g+g-g- t  0.0112 0.35 0.43 0.39 
5 g+g+tg+g÷t 0.0169 0.36 0.43 1 

g+g+ttg g 0.0100 0.21 0.51 1 
g+g+tg+g÷g + 0.0086 0.18 0.22 1 

6 g÷g+t tg-g- t  0.0100 0.13-0.15 0.31 1 
tg+g-t tg- t  0.0076 0.104).11 0.84 0.39 
tg+g-ttg+t 0.0076 0.104).11 0.84 0.39 

° Sum of the probabilities for the indicated conformation and its mirror 
image, as well as the reversed sequences if the sequences are not 
palindromic 
b Fraction of the excimer-forming population , - - - ' - " -  
c Product of the a i in the statistical weight 
d Product. of the ~ol in the statistical weight 

m, but the probabilities depicted in Figure 6 do not 
propagate the odd-even effect at m=6 .  The largest 
probability occurs at m = 6 when the criteria are those of 
set A. 

Realistic weights 
The solid lines in Figure 6 connect the probabilities for 

occupancy of the conformational energy wells conducive 
to excimer formation when these probabilities a re  Figure 7 Excimer-forming conformations of highest probability in the 

ensembles for m=2 . . . . .  6 . 0 ,  Carbon atoms in the methylene units. 
evaluated using the statistical weights in Table I .  Carbonyl oxygen atoms are omitted. The statistical weights are taken 
Utilization of the realistic weighting scheme produces a from Table 1, and the conformation depicted is the first one listed for 
reduction in the values of the probabilities at all values of each m in Table 3. The view is from an angle of 10 ° with respect to the 
m. T h e  fragment with m = 3 has the highest probability plane of the top ring. The dihedral angles for the rotatable bonds are 
when the criteria are those of set A or set B, and the o d d -  -80, 40, -60 ° for m=2; -60, -40, 80, - 160 ° for m= 3; -40, -80, 

160, -80 ,  _400 for m=4; -40 ,  -80 ,  180, -80 ,  -40 ,  160 ° for m= 5; 
even  effect persists at  m = 2 , . . . ,  5. However, the odd-even and - 160, 80, 40, - 160, 160, - 80, - 40 ° for m = 6 
effect still does not propagate to m = 6  because the 
calculated probability is too large, m = 6. The first entry for each value of m in Table 3 is 

Since a similar dependence of probability on m is seen depicted in Figure 7. The view for each fragment in Figure 
in Figure 6 in both the dashed lines (calculated with the 7 is from an angle of 10 ° with respect to the plane of the 
assumption that all conformations are weighted equally) top ring. 
and the solid lines (calculated using the realistic set of One factor that is not included in the present analysis is 
statistical weights collected in Table 1), it is obvious that the rate at which non-excimer forming rotational isomers 
the odd-even effect at m = 2 . . . .  ,5 in this polyester series are converted to excimer-forming rotational isomers 
is not sensitive to the precise values of the statistical through the process by which a dihedral angle passes over 
weights. Imposition of the realistic set of statistical a conformational energy barrier. The present model only 
weights increases the agreement between the calculated allows for the oscillation of the dihedral angles that can be 
probabilites and the measured IO/IM only by achieved without crossing over a conformational energy 
unambiguously assigning the largest probability to m = 3. barrier. The degree of success enjoyed by this approach is 
In the series in which the flexible spacer is provided by undoubtedly related to the fact that we are dealing with 
ethylene oxide units 9, qualitative agreement between extremely fast photophysical processes. The fluorescence 
computed probabilities and measured ID/IM was obtained lifetime for the model compound, dimethyl terephthalate, 
only when the probabilities were evaluated using realistic is significantly smaller than 1 ns in the solvents used 19. 
values of the statistical weights. This time scale is slow compared to the rate of oscillation 

within wells, but it is not slow compared with the rate of 
Dominant excimers crossing over the potential barriers that separate wells. 

Table 3 summarizes the dominant excimer-forming The agreement between calculation and measured values 
conformations when the rotational isomers are weighted of ID/I M might be improved by incorporation of the rates 
with the parameters in Table 1. The second-order at which one rotational isomer is converted into another 
interactions denoted' by the to i severely penalize the by crossing a conformational energy barrier. This 
excimer-forming conformation in the fragment with. objective has been made feasible by recent extensions 2° of 
m= 2 ,  but they play a lesser role at larger m. The the formalism introduced by Jernigan 21. 
conformations listed for m = 2 . . . . .  5 account for most of 
the excimer-forming population. When m--6,  many A C K N O W L E D G E M E N T S  
distinguishable conformations contribute to the excimer- 
forming population. The most prevalent excimer This research was supported by National Science 
accounts for roughly 1/2 of the total excimer population Foundation grant DMR 86-96071 (WLM) and a Nato 
when m = 4,, and' only about 1/7 of the. population when Fellowship (FM). 
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