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S1.  Synthetic Methods and Materials Preparation. The purities of 1 and 2 were assessed 

by 1H NMR in CDCl3 and GCMS analysis and found to be ~99%. Monomers 1 and 2 were 

purified as described previously,[1] then passed through dry neutral alumina in a glove box 

under an argon atmosphere and stored at ambient temperature before proceeding with the 

polymerizations. All initiators were stored in a glove box under argon at −40 °C. All 

glassware and glass substrates used for polymerization and subsequent film preparation were 

cleaned with detergent and deionized water, followed by rinsing with methanol and then 

acetone, baked overnight at 120 °C, and stored under argon before use. 

 

S2.  Detailed Comparison of Poly(R-COT)s Prepared Using Different Experimental 

Conditions. The monomer-to-initiator ratios were initially selected based on literature 

values.[2,3,4] Detailed results on the physical and optical properties of the resulting films for 

given processing conditions are listed in Table S1 while the corresponding Vis-NIR 

absorption spectra are shown in Figure S1. It should be noted that all results reported in Table 

S1 were determined from measurements on multiple films (the statistical precision of the 

values was estimated to be ± 15%) each fabricated with the same batch of monomer and 

initiator. Since initiator 3 possessed only a 30% conversion efficiency for monomer 1, 

initiator 4 was then investigated since it reacts more aggressively than 3,[5] and increasing the 

conversion efficiency might result in a larger population of long, conjugated polymer chains 

and a concomitant increase in nonlinearity. However, the polymerization of monomer 1 with 

initiator 4 resulted in films with no discernible increase in |χ(3)| and very poor optical quality. 

To improve on these results, two approaches were undertaken: the amount of initiator used 

was decreased and a bulkier monomer (sec-butyl-COT 2 instead of n-butyl-COT 1) was used. 

For the first approach, decreasing the amount of initiator, resulted in a slight reduction in |χ(3)| 

and little improvement in optical quality. For the second approach, the optical quality was 
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improved but the measured nonlinearity was only half that of a poly(n-butyl-COT) film 

synthesized with same monomer-initiator ratio. It should also be noted to that the use of 1:1 

mixtures of the monomers 1 and 2 with initiators 3 or 4 showed no dramatic improvement in 

the combination of optical quality and nonlinearity. It was reasoned that while the bulkier 

nature of the sec-butyl-COT monomer resulted in moderate improvement in optical quality, 

this characteristic also played a role in reducing the optical nonlinearity through a dilution 

effect.  In accordance with the goal of identifying films that provided an optimal combination 

of these two qualities, the n-butyl-COT monomer was chosen for subsequent studies. 

The next approach that was undertaken was to test Schrock-type tungsten and 

molybdenum initiators (5 and 6). It has been reported in the literature that the polymerization 

of COT using 5 with monomer-initiator ratio of 150:1 results in optimal films in terms of 

molecular weight and polydispersity index.[3] With the monomer-initiator ratio of 150:1, 

initiator 6 did not fully polymerize monomer 1, possibly due to decomposition of the initiator 

prior to termination of polymerization, while initiator 5 reacted aggressively and the resulting 

polymer solidified within 10 seconds, which left insufficient time for film processing. Further 

increases of the amount of initiator 6 (or equivalently decreasing the monomer/initiator ratio), 

allowed for the fabrication of several varieties of poly(n-butyl-COT) films but their resulting 

nonlinearities were less than 5×10-11 esu (see Table S1). On the other hand, poly(n-butyl-COT) 

films polymerized with initiator 5 (at 150: 1 monomer-initiator ratio) gave larger 

nonlinearities but poor optical quality, which is likely due to the aggressive exothermic 

polymerization that can lead to an inhomogenous morphology. 

In order to improve the processability of the polymer solutions prior to gelation and 

the morphology of resulting films, the addition of moderately coordinating ligands 

(tetrahydrofuran – THF, and 1,1,1,2,2,2-hexafluoro-tert-butanol − HFB) were introduced to 

tailor the activity of initiator 5 and to have control over the rate of polymerization. Various 

molar ratios of initiator 5 and monomer 1 (including 150:1) and the coordinating ligands were 
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examined. With an excess of THF (> 2 equiv.), an increase in the time to gelation and a 

decrease of the nonlinearity were observed. Furthermore, the average nonlinearity is higher 

with the use of HFB compared to without HFB. However, the best compromise between 

solution processability, film morphology and the resulting nonlinearity was obtained with the 

use of HFB and a small amount (less than 1 equiv.) of THF (see Table S1). 

It should be noted that other factors have been observed to affect the polymerization 

rate, conversion yield, and nonlinearity of the polymers. These include environmental 

contaminants, such as moisture, which can degrade the initiator, and impurities, such as 

mono-substituted cyclooctatriene (a potential side product during monomer synthesis), that 

can lead to reduced conjugation length due to the presence of saturated units in the polymer 

chain.  
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Table S1. Third-order nonlinearities at 1300 nm of poly(R-COT)s derived from various ROMP initiators and COT monomers. The instrumental 
accuracy and statistical precision associated with the |χ(3)| values were both estimated to be ± 15%. 
Monomer Initiator Ratio[d] Processing 

Window[f] 
Thickness 

[µm] 
Bandedge 

[nm] 
|χ (3)| 

[esu] 
Optical 

quality[h] 
1[a] 3 500:1 ~30 mins 25 854 9.8 × 10-11 good 
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450:1 
900:1 

1660:1 

~5 mins 
~5 mins 
~5 mins 

15 
15 
15 

(945)[g] 
851 (918) [g] 

(887) [g] 

8.3 × 10-11 

6.5 × 10-11 

5.1 × 10-11 

poor 
poor 
poor 

 
 5 150:1 ~10 secs 25 915 13 × 10-11 poor 

 HFB/THF-coordinated 5[c] 150:1 ~30 secs 25 860 21 × 10-11 moderate - 
good 
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50:1 
100:1 

150:1[e] 

~5 mins 
~5 mins 

- 

25 
25 
- 

880 
831 

- 

4.3 × 10-11 
1.5 × 10-11 

- 

moderate 
moderate 

- 

2 4 450:1 ~5 mins 15 772 3.8 × 10-11 moderate 

1/2[b] 3 500:1 ~30 mins 25 774 2.2 × 10-11 good 

 4 450:1 ~5 mins 15 799 7.2 × 10-11 moderate 

[a] Several batches of n-butyl-COT were used. [b] n-butyl-COT : sec-butyl-COT = 1:1 (molar ratio). [c] HFB:THF : initiator 5 = 1:0.1:1 (molar 
ratio). [d] monomer-to-catalyst molar ratio. [e] The mixture of monomer and initiator 6 remained as transparent, dark red, viscous fluid after 4 days, 
which suggests the initiator might be decomposed before finishing polymerization. [f] The length of processing time window is based on the time to 
gelation. [g] The bandedges in the parentheses were measured with 200 µm thick films. [h] These trends can be qualitatively observed in the Vis-
NIR absorption spectra shown in Figure S1, however film morphology observed via laser beam distortion following passage through a film also 
played a role in the determined optical quality.



    

 6 

 

Figure S1. Absorption spectra of poly(R-COT) films made with different monomer and 
initiator systems. (a) 25 µm thick poly(n-butyl-COT) films made with initiator 3 (500:1), 5 
(150:1), HFB/THF-coordinated 5 (150:1), and 6 (50:1). (b) 15 µm thick poly(n-butyl-COT) 
films made with initiators 3 (500:1) and 4 (450:1) and poly(sec-butyl-COT) films made with 
initiator 4 (450:1). 
 
 
S3.  Procedure for Determining Optical Losses of Poly(n-butyl-COT) Films. The 

absorption spectra of 2 – 5 µm thick, sandwiched poly(n-butyl-COT) films (fabricated using 

catalyst 3) were measured and their average optical densities, 

! 

OD
thin," , at 1300 nm and 1550 

nm were used to correct for the reflection losses due to the air-glass-polymer interfaces in 

thicker films (≥ 25 µm), 

! 

OD
correct," =OD

thick," #ODthin," . The transmission losses, in dB, of 

individual films with different thicknesses, L, were calculated based on the corrected optical 

densities, 

! 

dB =10 "OD
correct,# /L(cm). The transmission losses of over 100 different films with 

thicknesses ranging from 25 to 200 µm were calculated.  For 100 – 200 µm thick films, the 

average losses were found to be 41 ± 11 dB/cm at 1300 nm and 22 ± 7 dB/cm at 1550 nm. For 

films with thickness below 100 µm, reflection losses dominated and the thin sample 

absorption correction resulted in large errors. Accordingly, these films were not included in 

the final loss determination. 
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S4.  Resonance Raman Spectra of Poly(R-COT)s. Raman spectra were carried out on a 

Bruker Equinox 55 with an excitation wavelength of 1064 nm. This wavelength permitted 

preferential resonant excitation of predominately long chain polymers in the films since the 

band edge positions, influenced mainly by those long chain polymers, ranged from 750 - 950 

nm. 50 mW of laser power was used for each scan. The scan resolution was 4 cm-1 and each 

spectrum was averaged over 64 scans from 3500 cm-1 to 0 cm-1. Samples were hermetically 

sealed during data acquisition. In this study, poly(R-COT)s synthesized with different 

monomers and catalysts showed the typical Raman spectra of trans-polyacetylene with C=C 

stretching vibrational frequencies at 1470 cm-1 and C-C stretching frequencies around 1100 

cm-1 (see Figure S2). No cis-polyacetylene features (908, 1247, and 1541 cm-1)[6] were 

observed in the spectra, which indicated a dominant contribution from the trans content. 

According to previously reported experimental and theoretical studies,[7,8,9] a reduction in 

vibrational frequency occurs concomitantly with decreasing band gap energy and increasing 

polymer conjugation length. Therefore, the resonant Raman spectra determined for the 

synthesized poly(R-COT)s here suggested that the films contained a significant population of 

long chain conjugated polymers which possessed associated band gap energies approaching 

1.8 eV, a value predicted for a polyacetylene polymer with infinite conjugation length. 
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Figure S2. Typical resonance Raman spectra of poly(R-COT); C=C stretching at 1470-1480 
cm-1 and C-C stretching at 1100-1110 cm-1. 
 

S5.  Correlation Between Raman Intensity, Absorption Band Edge, and |χ (3)|. For poly(R-

COT) films of similar thickness and fabricated with the same type of monomer/catalyst 

combination, it was found that a strong correlation exists between three different experimental 

observables: resonance Raman intensity, absorption band edge, and |χ(3)|. Figure S3 depicts 

this correlation for a number of different 25 µm thick poly(n-butyl-COT) films fabricated 

using catalyst 3. The recipe for the polymerization process differed slightly from film to film 

by the batch of catalyst or monomer used as well as the inclusion of solvent with the 

monomer/catalyst mixture. Figure S3a shows the  |χ(3)| values of the films versus their 

respective band edges. The band edges were determined simply by the intersection of two 

lines extrapolated from the fast rising edge of the absorption band and the long wavelength 

baseline (see Figure S1). Figure S3b shows the |χ(3)| values versus the intensities of the C=C 



    

 9 

stretching resonant Raman signal located at 1470-1480 cm-1 (see Figure S2). These intensities 

have been normalized to the peak value. The fitting lines reveal linear correlations for both 

sets of observables. This linear correlation is likely the result of the varying concentration of 

long, conjugated polymer chains present in each film that would be expected to play a 

dominant role in the band edge position, resonance Raman intensity, and nonlinearity. These 

results provided a reliable, semi-quantitative means to predict the nonlinearity of a film 

through simple spectroscopic measurements and consequently allowed for a more rapid 

optimization route for film nonlinearity following variation of a particular constituent or 

processing condition.  

 

Figure S3. Correlation plots for 25 µm thick poly(n-butyl-COT) films fabricated using 
initiator 3 employing a variety of different processing conditions: (a) |χ(3)| versus band edge 
position and (b) |χ(3)| versus normalized resonance Raman intensity. The solid lines denote 
linear curve fittings to the data. Error bars associated with the |χ(3)| values are estimated at ± 
15%. 
 

S6.  Power-Dependent and Temporal Response of DFWM Signals For Poly(N-Butyl-

COT) Films. Evidence of the large ultrafast nonlinearities of poly(R-COT) films is given in 

Figure S4. Figure S4a shows the power-dependent response of the DFWM signal for both a 

slab of fused silica and a poly(n-butyl-COT) film. At similar signal magnitudes, there is a 30× 

reduction in drive intensity and a 20× reduction in interaction length for the poly(n-butyl-COT) 

film, which reflects a nonlinearity for the film that is nearly four orders-of-magnitude greater 
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than that of fused silica. Both power dependencies show a slope of three as expected for a 

non-resonant third-order nonlinearity.[10] Figure S4b shows the temporal dependence of the 

DFWM signal for the two samples. In both cases, the response is limited only by the temporal 

duration of the laser pulses suggesting the temporal response is << 100 fs. 

 

 

Figure S4. (a) Power dependence of DFWM signal for 540 µm slab of fused silica (circles) 
and 25 µm thick poly(n-butyl-COT) film (squares) using initiator 3 as denoted in Table S1. 
Lines denote linear fits to data. (b) Time-resolved DFWM signals for 540 µm slab of fused 
silica (open circles) and the same polyacetylene film at two different intensities (0.5 GW/cm2, 
squares; 2.5 GW/cm2, triangles). Lines are given as guides for the eye and plots are offset in x 
and y for ease of viewing. 
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