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Abstract: Poly( triacety1ene)s [PTAs, 
-(C-C-CR=CR-C-C),-] are a new 
class of linearly conjugated polymers with 
a nonaromatic all-carbon backbone. To 
explore structure-property relationships 
in PTAs, we prepared a series of 
monodisperse oligomers ranging from 
monomer to  hexamer by oxidative 
Glaser-Hay coupling of a bifunctional 
("chain-forming") (El-hex-3-ene-I ,5- 
diyne in the presence of an eridcapping 
unit. All six oligomers are amazingly 
stable towards exposure to light, air, and 
temperatures beyond their melting points. 

Introduction 

They have been fully characterized and 
are readily soluble in a wide range of sol- 
vents. The conjugated rods are reversibly 
reduced in one-electron transfer steps and 
cannot be oxidized below + 1.23 V vs. Fc/ 
Fc+. The effective conjugation length in 
PTAs was estimated from the electronic 
absorption (UVjVis) data, and various 
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evaluation methods yielded convergence 
of the optical properties in the range of 7 
to 10 monomer units. The nonresonant 
second-order molecular hypcrpolarizabil- 
ity y was measured in CHCI, by means of 
the third harmonic generation (THG) at 
i = 1.907 pm. A plot of ;I//? vs. / I  revealed 
a power law y z n "  for y with a fitted expo- 
nent CI = 2.SkO.1. From the THG iiica- 
surements, an effective conjugation length 
of about 10 monomer units was found, in 
surprisingly good agreement with the val- 
ue obtained rrom U V W s  spectroscopy 
data. 

An increasing number of conjugated organic materials and 
polymers are widely explored as advanced materials for elec- 
tronic and photonic applications," since they possess inherent 
synthetic flexibility, potential ease of processing, and the possi- 
bility of tailoring material characteristics to suit a desired prop- 
erty. Conjugated organic molecules of multinanometer length 
are of particular interest for use as molecular wires with poten- 
tial application in the emerging field of molecular electronics.['' 
Oligomers of defined length also play a n  important role for 
establishing structure-property relationships in the corre- 
sponding long-chain conjugated polymers.[3] 

[*] Prof. F. Diederich, Rainci- E. Martin 
Laboratorium fur Organische Chemie, ETH-Zentruni 
Univeryilitstrasse 16, CH-8092 Zurich (Switzerland) 
Fax: lnt. code +(1)632-1109 
Prof. P. Gunter, Dr. C. Bosshard. U. Cubler 
lnslitut fu r  Quanlenelcktroiiik 
ETH-Henggerberg, CH-8093 Zurich (Switrerland) 
Prof. Dr. V. Gramlich 
Institut fur  Kristallographie und Pelrographic. ETli-Zcntriim 
Sonneggstrasse 5, CH-8092 Zurich (Switzerland) 
Prof. M. Gross, D r  C. Boudon, Dr. J.-P. Gisselbrecht 
Lnhoratoirc d'Elcctrochiniie ct de Chimir Physique du Corps Solide. 
Faculte de Chimic. UniversitC Louis Pastcur 
1 et 4, rue Blaise Pascal. B: P. 296, F-6700X Strasbourg Cedex (France) 

The number of repeat units in a conjugated polymcr required 
to furnish size-independent redox, optical, or other properties is 
of great general interest. Although the effective n-electron dclo- 
calization length cannot be measured directly, the idea of "con- 
jugation length' or "effective conjugation length" has become 
one of the central concepts in thc thcoretical and experiniental 
understanding of many properties of conjugated polymers.'""] 
The usefulness of monodisperse oligomers for the experimental 
determination of the effective conjugation length has been wide- 
ly 

We recently reported poly(triacety1enc)s [PTAs. 
-(CrC-CR=CR-C=C),-][5,61 as the third linearly conjugat- 
ed polymers with a nonaromatic all-carbon backbone in the 
progression which starts with polyacetylene [-(CR=CR),-; PA] 
and poly(diacety1ene) [-(C=C-CR=CR),-; PDA], and ulti- 
mately leads to carbyne [-(C=C),-]. To explore structure- 
property relationships in PTAs, we had also prepared a series of 
stable monodisperse oligomers ranging from phenylacetylene 
endcapped monomer 1 a to pcntainer 1 e."] Although trends in 
electrochemical[81 and linear optical properties in this series 
have been investigated, difficulties in large-scale preparation 
and poor solubility prevented a more extensive investigation of 
the physical properties of these molecular rods as a function of 
their length. 
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To determine the effective conju- 
gation length in PTAs, we prepared a 
new, much more soluble and readily 
available series of monodisperse 
PTA oligomers ranging from 
monomer 4aL5.’] to hexamer 4f .  
Here, we examine the trends in elec- 
trochemical (cyclic voltammetry), 
linear optical (UV/Vis), and nonlin- 
ear optical (third harmonic genera- 

n 

l a  1 

l b  2 

1c 3 

Id 4 

l e  5 

R Xn Mn 

2 CZC-Si(CPr), 22 9600 

3a CHzOSiterf-BuMe2 31 11300 

3b CHZOSitert-BuMe2 22 8000 

the endcapping Me,% group, was carried out in dry 
CH,CI, a t  room temperature (Scheme 1). The size dis- 
tribution of the oligomers was strongly dependent on 
the reaction conditions and the ratio of the two starting 
materials. The individual oligomers 4b-f were isolated 
by a combination of size-exclusion chromatography 
(CH,CI,, Bio-Beads S-X 1 beads), flash chromatogra- 
phy (SiO,, hexane/PhMe 1 : I ) ,  and precipitation from 
MeOH. Higher oligomers were also formed, but were 
not separable despite their good solubility. All com- 
pounds are stable towards exposure to light, air, and 
temperatures beyond their melting points and are read- 
ily soluble in a wide range of solvents (Table 1). 

n yield 

4b 2 55% 
4c 3 20% 

4e 5 2% 

H SiMe, 
Meztert-B,,l$ M e 2 t e r t - B u S i ~ S i t e r t - B u M e i  a) 4d 4 9% 

OSitertBuMep + 

4f 6 1 % H H 
5 6 

Scheme 1. a)  CuCI, TMEDA,  CH,C12, rnoleculai- sieve? 4 A, 0,. 20‘C, 2 11. TMEDA = ili,iV.N’,N’-tetraInethylenr- 
diamine. 

tion) properties within this series and compare our results to 
those previously described for oligomeric (1 a-e) and polydis- 
perse longer-chain PTAs (2, 3a, and 3b).[’] By use of various 
evaluation methods, estimations of the effective conjugation 

The number of monomer units in 4a-f  was confirmed by 
means of their ‘H and 13C N M R  spectra, which show nsp2 and 
2nsp carbon atom resonances, where II is the number of 
monomer units. In the I3C N M R  spectra of 4a-f, all sp2 and sp 

length in poly(triacety1ene) polymers are made. 
OSitert-BuMe2 

Me,ferf-BuSiO 

OSitert-BuMe2 
OSitert-BuMe, 

- SiMe, 
Me3Si+ = = 

MeZtert-BuSiO 
Me,tert-BuSiO 

4a 

4b 

4c 

4d 

4e 

4f 

carbon atom resonances are clearly sep- 
arated, and coalescence of peaks begins 
only at  the stage of the hexamer. Thc 
resonances of the terminal double bonds 
in 4c-f  appear around 6 =129.5 and 
133.5 and those of the interior alkene 
moieties near 6 = 132. Correspondingly, 
the sp2 carbon atoms in the polydisperse 
polymers 3 a  and 3 b give a single peak at 
(r = 132.37.1s1 In accord with studies on 
poly(enyne)s and related systems,[’’] we 
did not find the I3C NMR data very 
useful for estimating the effective conju- 
gation length of our PTA materials. 

The rigid rodlike oligomers are be- 
tween 9.6w (4a) and 46.1 A (4f) in 
length (measured from terminal Si to 
Si), as shown by force-field energy-mini- 
tnization calculations (Table 1) ‘I A 
general forinula for estimating the 
oligomeric length ( I )  is given by I 
(A) = 7.3 (n - 1) + 9.6, where n is the 
number of monomeric subunits. The 
computed length for monomer 4 a  is in 
good agreement with the value found by 
X-ray structural analysis, which shows a 
distance between the two Si atoms at the 

Results and Discussion 

Synthesis and Structural Characterization: The synthesis of 
oligomers 4 b  -f by oxidative Glaser-Hay polymerization of 
(E)-hex-3-ene-I,S-diyne (5)r5,91 in the presence of bearing 

termini of 9.71 A (Figure 1, top). Similarly to 4a,  the free di- 
ethynyl derivative 5 has a nearly perfectly planar carbon frame- 
work in its X-ray crystal structure, with a maximum deviation 
from the least-squares plane passing through the entire conju- 
gated carbon backbone of only 0.02 A (Figure 1. bottom). 
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Table I .  Physical and optical propertiea of oligoiners 4a - f .  

IZ I [A] M.P. [ C] i.,,,, [ntn] i.,,, [nml (eV) i: [M 'cm '1 E, [evl (nrn) 
bl [bl [cl [dl [el [rl 

4a 1 9.6 49 296.4+0.l (4.18) 19700 4.01 (309) 
4b 2 16.9 97 425 378.1 k0.1 (3.28) 24200 3.14 (395) 

4d 4 31.5 I68 439.0k0.2 (2.82) 35200 2.67 (464) 
4e 5 38.8 189 458.9 f 0 4 (2.70) 29700 2.58 (480) 
4f 6 46.1 1'16 463.6f0.5 (2.67) 36500 2.54 (488) 

4c 3 24.2 138 445 420.3f0.1 (2.95) 28600 2.82 (439) 
- 

[a] Length cstimated by energy minunization calculations [I 11 [b] Uncorrected. 
[c] Longest-wavelength emission in CHCI,, i,, = 300 nm. [d] Longot-wavclength ab- 
sorption in CHCI, at room temperature. obtained by deconvolution of the absorption 
spectra. [el Molar extinction coefficient. [fl Solution optical gap. 

ll 

Figure 1. Molecular structures in the crystals or4a (top) and 5 (bottom). Selected 
bond lengths [A] and angles ["I i n  5: C(I)-C(2) 1.162(6), C(2)-C(3) 1.425(5), 
C(3)-C(3A) 1.349(7), C(3) C(4) 1.511(5), C(4)-0(5) 1.423(5),Si-0(5) 1.649(3); 
C(l)-C(2)-C(3) 176.3(5), C(2)-C(3)-C(4) 11 5.6(3) ,  C(4)-C(3)-C(3A) 123.0(4), C(3)- 
C(4)-0(5) 1 1  1.9(3), Si-O(5)-C(4) 125.7 (2). 

Electrochemistry: The electrochemical properties of 4a-f were 
examined by steady-state voltammetry, polarography, and 
cyclic voltammetry (Table 2) in T H F  or CH,CI, with 0.1 M 

Bu,NPF, as the supporting electrolyte. Whereas all six conju- 
gated rods were reversibly reduced in one-electron transfer 

Table 2. cyclic voltammetric reduction characteristics of oligomers 1 a - e  [7,8] and 4a f. 

Poly(triacety1ene) Oligomers 1505- 1512 
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E"(red.) [a] E'(red.  1) [b] E,,(red. 2) [c] E,,(ox.) [dl 

l a  -1.57 4a -2.68 [a] ~ 

1 b ~ 1.32, - 1.60 4b -2.10 1.29 
l c  -1.17, -1.42. -2.00 4 c  -1.88 - 2.09 1.25 
I d  -1.14, -1.32, -1.76, -1.99 4d -1.80 - 1.95 1.23 
l e  -1.07, -1.24, -1.55. -1.65, -1.85 4e -1.75 -2.30 1.23 

4f -1.71 -2.30 1.23 

- 

[a] V vs. Fc/Fc+, Hg electrodes in T H F  +O.lu Bu,NPF,, formal redox potential 
E "  = (Ep,+E,,)/2. [b] V vs. Fc/Fc', glassy carbon electrode in CH,CI,+O.I M Bu,NPF,, 
formal redox potential E "  = (E,,+Ep,)/2 [c] Peak potential E,, for irreversible reduction. 
[d] Peak potential E,,. for irreversible oxidation. 

steps, they could not be oxidized bclow + 1.23 V vs. Fc/Fc+. 
This result helps to explain their ainazing stability to laboratory 
air over periods of months. With increasing oligomeric length, 
the first reversible reduction step became increasingly facile. A 
comparison between 4 a-f with the corresponding oligomers in 
the series 1 81 however, clearly showed that the reduction 
of the former requires much more negative potentials in each 
case. At the stage of the oligomers, the pendant alkynyl groups 
and the phenylacetylene endcapping groups in 1 a-e  provide a 
significantly larger stabilization of the lowest unoccupied 
molecular orbital (LUMO) than the pendant Me,rBuSiOCH2 
groups and the Me,Si endcapping residues in 4a-f. Compari- 
sons between 1 b-c and the corresponding oligomers with 
(iPr),Si instead of P h C r C  endcapping groups showed that the 
influence of these groups on the first reduction potential rapidly 
decreases with oligomeric length: the first reduction potentials 
vs. Fc/Fc+ in T H F  (+0.1  M Bu,NPF,) for the (iPr),Si-end- 
capped oligomers corresponding to 1 b,c are - 1.52 (dimer) and 

~ 1.23 V (trimer).[7b,81 
The second striking difference betwcen the two scts of 

oligomers is that the number of reversible one-electron reduc- 
tion steps for la -e  corresponds directly to the number of 
tetraethynylethene (TEE) moieties in each rod, whereas in the 
series 4a-f, only a second, irreversible reduction step is ob- 
served for trimer to  hexamer. 

The disparity in the first reduction potential between the two 
oligomeric series, however, vanishes upon passing to longer- 
chain polymers. From small amplitude waves, duc to the low 
solubility of the long-chain PTAs in T H F  and due to low diffu- 
sion coefficients, the first reduction potential have been deter- 
mined as -0.70 V for 2 and as -0.65 V for 3a.''' The shorter 
22-mer sample 3 b (Mw/Mn=2)  was reduced at -0.60 V vs. 
Fc/Fc+ on a Hg electrode in CH,CI, (+ 0.1 M Bu,NPF,): this 
verified nicely the previous results found for 3a. Figure 2 shows 
a plot of the first reversible reduction potential versus the num- 
ber of monomeric units n (top) and as a function of l /n  (bottom) 
for both sets of oligomers as well as for the longer-chain poly- 
mers 2, 3a, and 3b. Despite the differences encountered at  the 
stage of the shorter oligomers, the first reduction potentials of 
both series ultimately converge to the same limiting value at  the 
stage of the longer-chain polymers around -0.6 V. Apparently, 
the nature of the pendant groups ((iPr),Si-C-C vs. 
Me,tBuSiOCH,) affects the reduction potentials of PTAs only 
in the shorter oligomers, whereas the conjugation pathway 
along the linear all-carbon backbone largely determines the LU- 
M O  energy and reducibility in the longer-chain polymers. A 
linear fit between l / n  and the first reduction potential can only 
be obtained for the shorter oligomer series l a - e  and 4a-f 
(Figure 2, bottom). Upon inclusion of the data for the three 
polydisperse compounds 2, 3a, and 3b, however, a linear corre- 
lation is no longer obtained. In view of the lacking data for 
intermediate-sized oligomers with n = 7-20, an estimation of 
the effective conjugation length from the electrochemical data is 
not straightforward. 

Electronic Absorption Spectroscopy: The UV/Vis spectra of the 
series 4 a-f only display a clear longest-wavelength transition 
3L,,, for monomer and dimer, whereas for the longer oligomers 
the lowest-energy transition i s  covered under a broad, intense 
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I'igtire 2. First reduction potentials of 1 a -e, 4a. 2. aiid 3a in THF ( +  0.1 M 

Hu,NPF,, V v b .  Fc ,Fc+)  and of 3h and 4h f i n  CH,CI, plotted as a function of n 
( 1 o p ) a n d o f I  ~ ( b o t t o i n ) .  o l a - e . 2 : 0 4 a - f , 3 a . h .  

absorption band. A precise determination of I,,,, and Em,, , re- 
spectively, therefore required the deconvolution of the UV/Vis 
spectra. By assuming a sum of Gaussian line shapes in energy 
space, all spectra could be exactly reproduced. The obtained 
absorption energies Em,, and their uncertainties were trans- 
formed back to wavelengths and are given in Table 1 for 
oligomers 4a-f." With increasing oligomeric length, the 
longest-wavelength absorptions i,,, as well as the end absorp- 
tions are increasingly bathochromically shifted. However, no 
apparent saturation for i,,,, is reached. In the spectrum of hex- 
iiiner 4 f  (Figure 3a) the lowest-energy transition is fully covered 
under the broad absorption band. i,,, was calculated as 
463.6k0.5 nm (E,,,, = 2.67 eV), and the solution optical gap E, 
was determined to be 2.54 eV (488 nm).[131 The observation of 
significant vibrational fine-structure in the spectrum even at  the 
stage of the hexainer provides support for a rigid planar conju- 
gated backbone in solution. Temperature-dependent UV/Vis 
measurements in n-hexane for pentamer 4 e  between 54 and 
-45 -C gave similar spectra with a weak bathochromic shift of 

the most intense absorption band from 407nm a t  54':C to 
415 nm at -45 "C.  This demonstrates that the conjugation 
length in PTAs is only slightly affected within this temperature 
range. Similar findings had been reported for poly(enyne)s serv- 
ing as model compounds for PDAs.'"] Oligomers 4 b  and 4 c  
displayed a bright fluorescence in CHCI, solutions (Table 1).  

Thc plot of the most intense absorption band against the 
reciprocal number of monomer units l / n  gave a straight line 

a) 70000 
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Figure 3. a) Electronic absorption spcclra of oligomers 4a- f  in CHCI, b) Plot or 
the lowest-energy transition vs. 1 tr (n = number of monoincric unils) for the 
series 4 a -  f, 3a, and 3b. Lincar rcgression for 4a- f  affords E,l,ax(eV) = 1 . 8 3 ( 1 ~ ~ 7 )  
+ 2.35. c) Plot ofthe solution optical gap energy E, vs. 1 . n  for the series 4a-f .  3a. 
and 3h. Linear regression for 4 a - f  affords E,(eV) = 1.78(l .n) f 1.23. I n  boih 
casts. saturation is obsei-ved for 3 a  and 3b. as indic'ited by Llic horizontal line. The 
effective conjugation length is evaluated at the c rowng point of boll1 Iinch 

with an intercept a t  4 4 5 h 4  nm (2.79k0.03 eV). This extrapo- 
lated value of i,,,, for the related infinite-chain polymer is in 
very good agreement with the experimental numbers measured 
for 3 a  (449 nm, 2.76 eV) and 3b (448 nm, 2.77 cV), dernonstrat- 
ing that 4 a  - fa re  suitable model oligomers for long-chain PTAs. 
To estimate the effective conjugation length in PTAs, the lowest 
transition cncrgies E,,,, were plotted as a function of 1,'n for 
compoimds 4a--f and 3a-b (Table 1,  Figure 3 b).[121 The cross- 
ing of the straight line for the oligomers wit11 the horizontal 
saturation level line for the polymers revealed that the effective 
conjugation length was reachcd in PTAs containing 8k 1 
monomer units, which corresponds to a total of 21 -27 double 
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and triple bonds and a rod length of 53-68 A. In an analogous 
evaluation, using the solution optical band gap E,, a slightly 
higher value of 10*1 monomer units was obtained (Fig- 
ure 3 c) .[I4] 

To evaluate the effective conjugation length, we also applied 
a linear expression [Eq. (l)],["' derived on the basis of the free 
electron gas model of Kuhn.['61 In Equation ( l ) ,  E is the 

optical absorption energy or band gap, N the number of conju- 
gated double and triple bonds per molecule, V, the amplitude of 
a sinusoidal potential which corrects the free electron gas model 
for bond length alternation, Lo the length of the unit of conjuga- 
tion, h the Planck constant, and m the mass of the electron. 
Linear regression analysis[10~151 of the plot of the energy at 
the longest-wavelength absorption maximum Em,, against 
I/(N+0.5) yielded V, = 2.2850.02 eV and n = 7 f l .  Thus, this 
analysis provided a slightly lower value for n than the analysis 
of the plot of Em,, vs. l / n  (Figure 3b). A plot of the solution 
optical band gap E, vs. 1/(N f 0 . 5 )  gave similar values with 
n = 9 + 1  and Vo = 2.16i0.02 eV. Overall, the value for V, in 
PTAs fits very nicely into the general trend seen in the series of 
PAS (V, = 1.75 eV), PDAs (V, = 2.25 eV), and polyyne models 
of carbyne (V, = 2.50 eV).["] In conclusion, this UV/Vis study 
disclosed that the convergence of the linear optical properties in 
PTAs is reached in the range of about 7-10 monomer units. In 
comparison, for PDAs, an effective conjugation length of 
n % 6["l and n z  10[''' monomer units has been reported, corre- 
sponding to 12 or 20 double and triple bonds, respectively, 
depending on the method of extrapolation. 

Third Harmonic Generation: The nonresonant second-order hy- 
perpolarizability 7 ,  measured by means of the third harmonic 
generation (THG) in CHCI, solutions at  1 = 1.907 gm["I was 
analyzed in the series 4a-f as a function of oligomeric length 
(Table 3). For comparison, y was also determined for the sol- 
uble, shorter tetraethynylethene oligomers 1 a-c, in order to 
estimate the impact of the additional conjugation paths in these 

Table 3 .  Second-order hyperpolarizability of oligomers 1 a-c and 4a-f from third 
harmonic experiments at I = 1.907 pm. f )  was measured relative to fused silica (Is ,  
3.9 x mZV-' (2.8 x 10 l4 em)).  

l a  1 
I h  2 
I c  3 

4a 1 
4h 2 
4 c  3 
4d 4 
4e 5 
4f 6 

240 
1030 
2570 

22 
1 ox 
363 
740 

1320 
1750 

3.41 
14.5 
35.9 

0.32 
1.51 
5.0X 

10.3 
18.5 
24.9 

41 1.1 
105 2.9 
183 5.1 

5 0.14 
13 0.37 

49 1.4 
72 2.0 
79 2.2 

31 0.86 

1.6 
4.1 
7.2 

0.19 
0.52 
1.2 
1 .9 
2.8 
3.1 

[a] Rotational average of the 7 tensor. [h] z''' values are cxtrapolated from mea- 
sured values of ;I, assuming a linear dependence on concentration. The estimations 
present a lower limit, since density and thc small (with respect to the pure com- 
pounds) refractive indices for local field corrections of CHCI, were used in the 
calculation of x'". 

molecules, involving the laterally pendant alkyne groups and 
the additional PhC=C endcapping groups. From the obtained 
microscopic hyperpolarizability 11, we estimated a macroscopic 
hyperpolarizability f 3 )  by assuming an isotropic arrangement 
of the molecules and using the density and refractive indices (for 
local field corrections) of the solvent CHCI,. This estimate givcs 
a lower limit of what can be expected in the bulk. 

Different mathematical approaches, such as Hiickel-type 
tight-binding modeling, ab initio calculations, or Pariscr - Parr - 
Pople simulations, predict for conjugated molecules shorter 
than the critical conjugation length a power law dependence 
y % na, where n corresponds to the total number of monomer 
units. For thc exponent a, values between 3 and 6 have been 
reported, depending on the model used.'"] Above the critical 
conjugation length: the cubic hyperpolarizability 7 should satu- 
rate and increase only linearly with the number of monomer 
units n. The related macroscopic susceptibility should not be 
further enhanced and stay constant. 

For the PTA samples 4a-  f, a plot of ?,in vs. 17 revealed a 
power law for y with a fitted exponent a = 2.550.2 (Figure 4). 

10 
1 10 100 

n 

Figure 4. Dependence on conjugation length of the sccond-order 1iyperpolari~:ihil- 
ity 7 ,  presented In a double logarithmic plot of ; ' / J I  vs. 1 1 .  For oligomers 4a  f. it 
power law : , -no  ( a  = 2.5f0.1) IS obtained (solid line), and liir the polydispcrse 
polymers 3a and 3h, saturation (broken line). The effective conjugation length 15 

evaluatcd at the crossing point of both lincs. 

THG measurements of a polydisperse film sample of 3 a L 5 ]  
showed a macroscopic susceptibility 31(3) = 7.8 x lo-'" m2 V-' 
(5.6 x lo-'' em), and in solution this value was reproduced for 
3b within one percent, confirming that the limit of the critical 
conjugation length is certainly passed. The corresponding y / ~  
values for 3a (y = 300 x m 5 V 2 ,  22000 x esu) and 
3b(y = 2 1 9 ~ 1 0 - ~ *  rnsV~',15650x 10-36esu)areincludedin 
Figure 4, and the saturation level is indicated by a horizontal 
line. The crossing of the power law and the saturation level 
yields a critical conjugation length of about 10 monomer units 
(30 double and triple bonds), in good agreement with the value 
obtained from UV/Vis spectroscopy. It is not yet clearly under- 
stood whether linear absorption and second-order hyperpolar- 
izability data should lead to the same critical conjugation 
length, but it seems to hold true in the case of PTAs. 

Only few nonlinear optical data as a function of chain length 
have been reported for linearly conjugated polymers, owing to 
the often difficult synthesis of homologous series of larger 
oligomers. In comparisons, attention needs to be paid whether 
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the measurements were performed out of resonance ; further- 
more, differences in experimental techniques need also to  be 
considered. Measurements by degenerated four-wave mixing 
(DFWM) and electric field-induced second-harmonic genera- 
tion (EFISH) tend to give a bigger exponent for the power law 
(between 3 and 5) than THG data.['u1 

Unsubstituted PA showed an exponent for the power law in 
the range of 2.5, but the critical conjugation length seems to  be 
much longer than in PTAs, with about 120 double bonds.["] 
Substituted PAS gave exponents between 2.3 and 4.6 depending 
on the attached substituents, showing clearly the influence of the 
electron density distribution on the conjugated backbone.[2 ' I  A 
comparison between PDAs and PTAs would be of interest, but 
second-order hyperpolarizability data for series of homologous 
PDA oligomers have not been published to the best of our 
knowledge. T H G  studies on polythiophene yielded an exponent 
of2.8 for the power law.[221 For the critical conjugation length, 
different, contradicting results have been published, and com- 
parisons to  PTAs are therefore difficult. THG measurements 
disclosed an exponent of 2.4 for poly(3-ethylthiophene 
ethynylene) and a critical conjugation length of about 10 
monomer units (30 double and triple bonds).r231 Thus, the sec- 
ond-order hyperpolarizability 7 of different linearly conjugated 
polymers seems to scale with a power law y z d ' ,  with an expo- 
nent a around 2.5 for THG measurements. This is significantly 
below the theoretical predictions and quantum chemical calcu- 
lations. 

THG measurements in the series of tetraethynylethenc 
oligomers were limited to the shorter members 1 a-c, owing to 
low solubility (Table 3). The existence of additional conjugation 
paths in these compounds increased the second-order hyperpo- 
larizabilities by about one order of magnitude, as compared to 
4a-c. 

dependence y=n" with a fitted exponent a = 2.5k0.1.  This ex- 
ponent showed an amazing coincidence with that of other con- 
jugated polymers, measured by the same technique in their 
transparency range. The effective conjugation length for the 
second-order hyperpolarizability y was found to be around 10 
monomer units. Thus, linear and nonlinear optical methods 
showcd a striking accordance of the effective conjugation length 
in PTAs. However, it is not well understood at the moment, 
whether both methods should lead to the same critical conjuga- 
tion length or  not. This will be the subject of further investiga- 
tions. 

The preparation of even larger, monodisperse PTA oligomers 
is now being pursued in our laboratory in order to close the 
interesting gap between oligomer and polymer analysis. Once 
this has been achieved, a reinvestigation of the effective conjuga- 
tion length by electrochemical methods is also planned. 

Experimental Section 

General Methods: Reagents and solvents were purchased at  reagent-grade 
from Aldrich or Fluka and used without further purification. Compounds 5 
and 6 were prepared as described in refs. [5,9]. Melting points were deter- 
mined on a Biichi SMP-20 apparatus and are uncorrected. UV,Vis spectra 
were recorded on a Varian-Cary-5 spectrophotometer a t  RT, and low-temper- 
iiture measurements were obtained on a Kontron Uvikon 941 instrument with 
a homc-huilt cryostat. I R  spectra were recorded on a Perkin-Elmer-1 600-FT- 
1K spectrometer. Fluorescence spectra were obtained on a SPEX-1580 double 
spectrophotometer at RT. 'H NMR spectra weia recorded on a Bruker- 
AMX-500 instrument, and 13C NMR spectra on a Bruker-AMX-500 
(125 MHr) spectrometer with complete proton decoupling. Laser-desorption 
time-of-flight (LD-TOF) mass spectra were obtained using a Bruker Reflex 
instrument with an N,  laser system (337 nm) to desorb and ionize analyte 
molecules, which were previously dissolved in CH,CI, and deposited onto the 
center of the probe tip, and dried under vacuum. All reported data were 
acquired using the linear positive-ion mode at  + 15 and 20 kV. respectively. 
Elemcntal analyses were carried out by the Mikrolabor in  the Laboratorium 
fiir Organische Chemie at ETH Zurich. 

Conclusions 

.4 readily available, new series of monodisperse poly(tri- 
acetylene) (PTAs) oligomers 4a-f, ranging from monomer to 
hexamer, exhibited amazing environmental stability and solu- 
bility. which allowed systematic investigation of their physical 
properties by different methods. In the cyclic voltammetry stud- 
ies, all six oligomers underwent a reversible one-electron trans- 
fer reduction, becoming increasingly facilitated with increasing 
length of the conjugated backbone, but could not be oxidized 
below + 1.23 V vs. Fc/Fc+.  Whereas a linear fit was obtained in 
the plot of the first reduction potential against l / n  (n  = number 
of monomcric units) in the oligomeric series 4a-f, the linear 
correlation vanished upon inclusion of the longer-chain poly- 
mers, and an estimation of the effective conjugation length from 
the electrochemical data therefore was not straightforward. 

In the UViVis spectra of oligomers 4a-f, the longest-wave- 
lcngth absorptions i,,, as well as the end absorptions were 
increasingly bathochromically shifted with increasing conjuga- 
tion length. From the linear optical properties, the effective 
conjugation length in PTAs was estimated by various evaluation 
methods to be in the range of 7-10 monomer units. 

Third harmonic generation measurements in the series 4a-f 
showed for the second-order hyperpolarizability y a power law 

Third-harmonic generation measurements: Chloroform solutions with initial 
concentrations of 0.5.- 1.5 wt '/a were prepared and later diluted to four lower 
concentrations. The laser source was a pulsed Nd:YAG laser (;. = 1.064 pm, 
10 Hz repetition rate. pulse duration of 5 ns), which was used to pump an 
H2-gas Raman cell yielding a frequency-shifted wavelength of i. = 1.907 pm. 
The s-polarized beam was then focused onto the sample with a n y =  500 mm 
lens. Third-harmonic generation measurements were performed by rotating 
the 1 mm-thick fused silica cuvette with the solution parallel to the polarira- 
tion to generate well-known Maker-fringe interference patterns. The Maker- 
fringe patterns were analyzed in a manner similar to that described in the 
literature.rz41 All measurements were calibrated against fused silica 
xk:' = 3.9 x 10-" m2 V- '  (2.8 x 10- l4 e s ~ ) . ' ~ ~ '  A comparison of measure- 
ments of fused silica 111 vacuum and air allowed all subsequent measurements 
of our solutions to be performed in air. 

Synthesis of Oligomers 4b-f :  To a solution of 5 (0.087 g. 0.24 mmol. 1 equiv) 
and 6 (0.210 g, 0.48 mmol. 2 equiv) in dry CH,CI, (10 mL, molecular sieves 
4 A) w;is added TMEDA (0.079 g, 0.10 mL, 0.68 mmol) and CuCl (0.019 g. 
0.19 mmol) at  RT. After the mixture had been stirred under ambient atmo- 
sphere [or 2 h,  an EDTA solution (EDTA = cthylendiaminetetraacetic acid, 
pH 8) was added and the reaction mixture extracted with CH,C12 until the 
washings were colorless. The organic phase was washed with saturated 
aqeous NaCl solution and dried (anh. MgSO,). Concentration at water 
aspirator pressure, size-exclusion chromatography (Bio-Rad Bio-Beads S-X 1 
beads, CH,CI,), flash chromatography (Fluka 40-63 pm (230-400 mesh) 
SiO, 60, hexane/PhMe 1 : 1 ) .  and precipitation from McOH gave the pure 
oligomcrs 41) f as ycllow solids. 

(E,E)- 1,12-Bis(trimethylsilyl)-3,4,9,10-tetrakis(( (tevt-butyl)dimethylsilyloxyl- 
niethyl}dodeca-3,9-dienc-l,5,7,ll-tetrayne (4b): Yield: 5X % (121 mg); M p 
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97°C; ' H N M R  (500 MHz, CDCI,): 6 = 0.075 (s, 12H), 0.078 (s, 12H), 0.18 
(s, 1 XH), 0.892 ( s ,  ISH), 0.894 (3, 18H),  4.39 (s, 4H) ,  4.45 (s, 4H);  I3C N M R  
(125 MHz, CDCI,): b = - 5.21. -5.18, -0.26, 18.34, 18.36, 25.87, 63.81, 
63.87, 81.93, 85.41, 101.48, 109.23, 129.59, 133.11; FT-IR(CHC1,): ? = 2144 
(w =weak),  1600 (wjcm- ' ;  UV/Vis (CHCI,): I = 274 (17600), 286 
(19200), 300 (21 800), 319 (21 400), 351 (28000). 376 (24700); LD-TOF-MS: 
mji: 870 [MI ' ,  814 [A4 - C(CHJ,]+; C,,H,,O,Si, (871.71): calcd C 63.38, 
H 9.94; found: C 63.49, H 9.90. 

(E,E,E)-l ,18-Bis(trimethylsilyl)-3,4,9,10,1 5,16-hexakis{[(teut-butyl)dimethyl- 
silyloxylmethyl}octadeca-3,9,15-triene- 1,5,7,1 1,13,17-hexayne (4 c )  . Yield : 
20% (59 mg); M.p. 138°C; ' H N M R  (500 MHz, CDCI,): b = 0.076-0.082 
( n ~ ,  30H), 0.19 (s. 18H).  0.89 (s, 54H), 4.39 (.s, 4H) ,  4.44 (s, 4H). 4.45 (s, 
4 H ) ;  "CNMR (125 MHz,CDCI,): 6 = - 5.20, -5.18, -0.27,18.32, 18.34, 
18.36, 25.84, 25.86, 63.79, 63.85, 63.87, 81.88, 83.18, 85.22, 87.35, 101.44, 
109.51, 129.44, 132.15, 133.45; FT-IR (CHCI,): i. = 2144 (w), 1600 
(w) cm-': UV/Vis (CHCI,): ib = 271 (26000, sh), 285 (28400), 302 (25300), 
322 (24200), 377 (42200, sh), 389 (46200), 407 (36700, sh); LD-TOF-MS: 
mi.: 1235 [MI', 1177 [ M  - C(CH,),]+; C,,H12,0,Si, (1234.37): calcd C 
64.22, H 9.80; found: C 64.37, H 9.76. 

(E,E,E,E)-l,24-Bis(trimethylsilyl)-3,4,9,10,15,16,21,22-nctakis{[(trvt-butyl)- 
dimethylsilyloxy)methyl) tetracosa-3,9,15,21-tetraene-1,5,7,11,13,17,19,23-oc- 
tayne (4d). Yield: 9 %  (34mg); M.p. 168°C; ' H N M R  (500MHz. CDCI,): 
d = 0.075-0.081 (VI, 4XH), 0.18 (s, lXH), 0.89 (s, 72H), 4.39 (s, 4 H ) ,  4.43 
(s, 8H),  4.45 (s, 4H);  I3C N M R  (125 MHz, CDCI,): 6 = - 5.18, -5.17, 
-5.14, -0.24, 18.34, 18.35, 18.37, 18.39, 25.86, 25.89, 63.82, 63.86, 63.88, 
63.90, 81.86, 83.13, 83.35, 85.21, 87.17, 87.59, 101.46, 109.60, 129.45, 132.00, 
132.53, 133.54; FT-IR (CHCI,): t = 2359 (w), 2133 (w) cni-I;  UViVis 
(CHCI,): i = 278 (25800, sh),  287 (27100), 301 (25800), 322 (22200), 380 
(39700, sh), 403 (52100), 423 (42500, sh);  LD-TOF-MS: mi?: 1597 [MI' ,  
1540 [ M  - C(CH,),]+; C,(,H,,,O,Si,, (1597.04): calcd C 64.68, H 9.72; 
found: C 64.50, H 9.60. 

(E,E,E,E,E)-1,30-Bis(trimethylsily1)-3,4,9,1~, 15,16,2 1,22,27,28- 
decakis~~(tevt-butyl)dimethylsilylnxy~methyl~triaconta-3,9,15,2 1,27-pentaene- 
1,5,7,11,13,17,19,23,25,29-decayne (4e). Yield: 2 %  (9 mg); M.p. 189 T ;  
'HNMR(500MHz,CDCI,) :O = 0.083-0.089 (rn,60H),0.19(.~, 18H).0.90 
(s. YOH), 4.40 (s, 4H), 4.44 (s, 12H), 4.46 (s, 4 H ) ;  I3C N M R  (125 MI+, 

63.82, 63.84, 63.87, 81.81, 83.04, 83.24, 83.35, 85.17, 87.09, 87.35, 87.61, 
101.42, 109.59, 129.43. 131 -94. 132.32, 132.57, 133.53; FT-IR (CHCI,): 
i = 2359 (w), 2333 (w), 1600cm-' (w): UV/Vis (CHCI,): 7, = 285 (27700), 
302 (27100), 321 (23800), 341 (22000, sh), 416 (57200): LD-TOF-MS: mii: 
1960 [ M ] ' ,  3901 [A4 - C(CH,),]+; C,,,W,,,O,~,Si,, (1959.70): calcd C 
64.97, H 9.61; found: C 64.84, H 9.72. 

(E,E,E,E,E,E)-1,36-Bis(trimethylsilyi)-3,4,9,lO,l5,16,21,22,27,28,33,34-dnde- 
cakis{[ (teut-l~11tyl)dimethylsilyloxy~methyl}hexatriaconta-3,9,15,21,27,33-hex- 
aene-1,5,7,11,13,17,19,23,25,29,31,35-dodecayne (4f). Yield: 1 Yo (6 mg); 

(.~,18H),0.90(~r,108H),4.40(s,4H),4.44(s,16H),4.46(.s,4H);~~CNMR 

25.86, 63.79, 63.82, 63.85, 63.88, 81.82, 83.04, 83.20, 83.30, 83.38, 85.16, 
87.07, 87.29, 87.39, 87.61, 101.45, 109.57. 129.43, 131.94, 132.29, 132.40, 

(w)cm- ' ;  UV/Vis(CHCI,): = 285(29400), 301 (28400), 321 (26200). 425 

C i z 6 H z z z O i ~ S i 1 4  (2322.36): calcd C 65.17, H 9.64; round: C 65.07, H 9.65. 

X-ray Crystallography:'2h1 4a (C,,HSZO,Si,, M ,  = 509.05): Single crystals 
were grown from hexane by slow evaporation at  20°C; monoclinic space 
group P2,ln, pcalcd = 0.962 gem-,, Z = 2; a = 6.278(8), h =11.867(14), 
c = 23.58(4) A, p = 91.40(12)", V =1756(4) A", Syntex P21 diffractometer, 
Mo,, (A = 0.71073 A) radiation, 26 <4V, 1963 unique reflections. The struc- 
ture was solved by direct methods and refined by full-matrix least-squares 
analysis (SHELXTL PLUS: heavy atoms anisotropic. H atoms fixed, where- 
by H positions are based on stereochemical considerations), yielding 
R(F) = 0.0557, R J F )  = 0.0780 for 169 variables and 878 independent reflec- 
tions with F> 4.0o(F). 
5 (C,,H,,O,Si,, M, = 364.68): Single crystals were grown from hexane by 
slow evaporation at 20 -C: monoclinic space group C2/c, pcalcd = 

CDCI,): 6 = - 5.20, -5.17, -0.27, 18.32, 18.34, 18.36. 25.83, 25.86, 63.79, 

M.p. 196'C; ' H N M R  (500 MHz, CDCI,): 6 = 0.079-0.086 (m, 72H), 0.19 

(125MH2, CDCI,): 6 = - 5.20, -5.18, -0.28, 18.30, 18.33, 18.35, 25.83, 

132.59, 133.54; FT-IR (CHCI,): i = 2161 (w), 2125 (w), 1678 (w), 1606 

(64000); LD-TOF-MS: VI/Z: 2320 [MI+,  2260 [ M -  C(CH,),]+; 

1.004gcni-', Z = 4 ;  a=26.81(2) ,  h=6.292(5) .  c=l4,576(13)A.  
[I = 100.97(7)', V' = 2414(4) A', Syntex P21 diffraclometer, MoKZ (i = 
0.71073 A) radiation, 28<40 , 1317 unique reflections. The structure was 
solved by direct methods and relined by full-matrix least-squares analysis 
(SHELXTL PLUS; heavy atoms anisotropic, H a t o m  fixed. whereby H 
positions are based on stereochemical considerations). yiclding R(F) = 
0.0384, !?,,(I.') = 0.0551 for 123 variables and 844 independent reflections 
with F>4.0a(F).  
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