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Organic compounds containing conjugated carbon chains have been extensively investigated due to their 

interesting properties including nonlinear optical response. Polyynes are a group of compounds where the 

conjugation can be modified by proper selection of end-groups, enabling “control” and improvement of 

nonlinear effects. In this work we investigate three newly synthesized aryl end-capped octatetraynes, ex-

hibiting strong nonlinear absorption and nonlinear refraction properties, which can be attributed to the 10 

presence of aryl end-groups with electron-withdrawing functional groups suitable for further extending of 

the conjugation. Nonlinear optical measurements were performed using f-scan (modified Z-scan) techni-

que with a femtosecond laser system at various wavelengths in the visible and near-infrared range (540-

1600 nm), revealing strong negative third-order nonlinear refraction (3NR) and two-photon absorption 

(2PA) below 600 nm and a noticeable three-photon absorption (3PA) at longer wavelengths. Results of 15 

the spectroscopic characterization and the crystallographic data of the investigated compounds are also 

presented.

Introduction  

Carbon-rich compounds have been extensively explored during 

the last few decades. One class of such species are polyynes - 20 

compounds with a linear carbon chain consisting of alternating 

triple and single bonds between carbon atoms,1,2 which can serve 

as a model for carbyne (−C≡C−)n, a linear sp-hybridized allotrope 

of carbon that still remains a hypothetical material.3,4 Oligoynes 

and polyynes are foreseen to be of interest for numerous 25 

applications, for instance as components for wires or switches in 

optoelectronic devices5,6 or as component of co-crystals with 

conducting polymers.7  

One of the main issues associated with such conjugated organic 

systems is their thermodynamic instability resulting from the ten-30 

dency of the chains to cross-link, forming more stable graphene-

like structures.8 Stabilization of polyynes often involves the use 

of bulky end-groups, preventing the conjugated chains from ap-

proaching each other. The synthesis of polyynes with a variety of 

end-groups has been widely discussed in the literature. The first 35 

phenyl end-capped oligoyne was obtained by Glaser in 1869.9 To 

date, the syntheses of polyynes with aryl,10,11,12 bulky ‘super tri-

tyl’,13 organometallic,14,15 and silyl end-groups16,17 were reported.  

Third-order nonlinear optical (NLO) properties of polyynes have 

been extensively studied by means of theoretical modelling, 40 

addressing in particular the dependence of the cubic 

hyperpolarizability γ on the length of acetylenic chains. It has 

been found that increasing the number of repeated units in 

polyynes does not improve NLO properties as much as in similar 

series of polyenes.18,19 Other computational studies concerned the 45 

effect of terminal groups, showing that phenyl end-capped 

polyynes exhibit superior γ values compared to other end-

groups.20 These findings suggested that moderately long aryl end-

capped polyynes may be an optimal design concerning a 

compromise between the NLO properties, molecular weight of a 50 

molecule and its chemical stability.  

Experimental confirmation of the theoretical predictions has been 

challenging due to the stability issues associated with polyynes. 

According to the best of our knowledge, only several size-selecti-

ve experimental NLO studies on organic polyynes with various 55 

end-groups and chain lengths were successfully conducted. Tyk-

winski and co-workers studied nonlinear properties of triisopro-

pylsilyl (TIPS)16,17 and phenyl21 end-capped polyynes using diffe-

rential optical Kerr effect technique (DOKE), confirming higher 

NLO performance of the phenyl end-capped molecules. An un-60 

profitability of the polyynic chain extension has been found in the 

experimental studies of organometallic ruthenium-terminated 

polyynes22 and chromophore-terminated polyynes and polyenes,19 

performed by degenerate four-wave mixing (DFWM), however, 

in these studies the NLO activity was attributed more to the end-65 

groups rather than polyynic chains. Very recently, NLO 

properties of a group of phenyl-end-capped polyynes were 

investigated using nanosecond Z-scan at the wavelength of 532 

nm,23 pointing out some additional phenomena such as molecular 

reorientation which can contribute to the unexpectedly large γ 70 

values observed when the measurements were performed using 

pulsed light sources of longer than picosecond pulse durations.  

While in most cases the research has been directed towards the 

investigation of the chain length dependence of γ, spectrally 
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resolved studies have been rarely addressed. Such studies are cru-

cial for correct interpretation of the results, providing better in-

sight into molecular energy levels participating in multiphoton 

transitions. Some results obtained only at a single wavelength, 

such as the astonishingly rapid increase of the γ values with incre-5 

asing acetylenic chains length in silyl end-capped polyynes16,17 

could be better explained in terms of a red shift of the resonantly 

enhanced multiphoton transition bands, which has been observed 

in the wavelength dependence of the cubic nonlinearity of 

platinum-terminated polyynes, measured by Samoć et al. using 10 

the Z-scan technique.24 Moreover, investigation of the full 

spectral dependence may reveal higher-order NLO effects, which 

in the case of polyynes have not been yet investigated.  

In this work we report on the synthesis of three new octatetraynes 

with electron withdrawing ester-substituted phenyl end-groups 15 

and present the results of spectrally-resolved investigation of 

NLO properties of these compounds, performed using the 

femtosecond f-scan technique.25 The choice of the compounds 

seemed highly rational since no symmetrical systems with 

electron withdrawing substituents has yet been selected for the 20 

NLO measurements. Ester-substituted polyynes appeared 

reasonably stable and considering the enhancement of 

conjugation in such systems it was expected to give interesting 

results. Indeed, the measurements have revealed negative 

nonlinear refraction in the visible range and multiphoton 25 

absorption in the visible and near-infrared range. The observed 

values of γ are in the order of 10-32 esu, outperforming polyynes 

of similar size investigated in comparable experimental 

conditions.24 These large values of γ can be attributed to the 

presence of the electron-withdrawing groups causing further 30 

extension of the conjugation. Additionally, we quantitatively 

describe the three-photon absorption (3PA) in the studied 

polyynes, which is performed for the first time to our best 

knowledge for this kind of organic compounds. We have also 

characterized the compounds using 1H, 13C NMR, and UV-Vis 35 

spectroscopy and HRMS. Solid-state structures for two of the 

studied compounds were also obtained.  

Experimental section 

Detailed synthetic procedures and characterization data for the 
investigated compounds can be found in Electronic 40 

Supplementary Information (ESI).† UV-Vis spectra were 
measured on a Cary 300 Bio spectrophotometer. The 1H and 13C 
NMR spectra were obtained using a Bruker Avance 500 MHz 
spectrometer. HRMS spectra were recorded using a spectrometer 
with TOF mass analyzer and ESI ion source. X-ray diffraction 45 

data were collected with the Xcalibur diffractometer with Ruby 
CCD camera (ω scan technique) equipped with an Oxford 
Cryosystem-Cryostream cooler at 100 K. The space groups were 
determined from systematic absences and subsequent least-
squares refinement. Lorentz and polarization corrections were 50 

applied. The structures were solved by direct methods and refined 
by full-matrix, least-squares on F2 using the SHELXTL 
Package.26 Crystallographic data for the structures of E1-C8-E1 
and E2-C8-E2 were deposited with Cambridge Crystallographic 
Data Centre as supplementary publication no. CCDC 1042757 55 

and 1042758, respectively. These data can be obtained free of 
charge via www.ccdc.cam.ac.uk/data_request/cif.  

Nonlinear optical properties were studied using the newly 

developed f-scan technique,25 which is very similar to the well-

known Z-scan,27 except that the position of the sample (z) is 60 

fixed, whereas the focal length (f) of an electrically focus-tunable 

lens (Optotune EL-10-30 series) is changed. The light source 

used in f-scan measurements was a femtosecond laser system, 

tunable over the visible and near-infrared spectral range, 

consisting of an optical parametric amplifier (OPA, Quantronix 65 

Palitra) pumped by Quantronix Integra Ti:Sapphire regenerative 

amplifier (output wavelength 800 nm, pulse duration 130 fs, 

repetition rate 1 kHz). Femtosecond pulsed light source plays a 

crucial role in the proper determination of NLO parameters, 

removing any possible contribution of parasitic effects occurring 70 

at a different time scale, such as molecular reorientation which in  

case of anisotropically polarizable molecules may become a 

dominant process responsible for nonlinear refraction measured 

with pico- or nanosecond pulses.28 The use of f-scan significantly 

shortened the time of a single measurement compared to Z-scan, 75 

minimizing the exposure of our potentially unstable compounds 

to the high-power pulsed laser radiation.23 Moreover, the total 

duration of the whole series of measurements was reduced, 

lowering the risk of a long-term degradation of compounds. 

Detailed description of the f-scan technique, including the scheme 80 

of the experimental setup and the theoretical analysis, can be 

found in a recent publication.25 

Results and discussion 

Synthesis 

The synthetic route for the preparation of the octatetraynes 85 

E1-C8-E1, E2-C8-E2, and E3-C8-E3 are outlined in Scheme 1. In 

the first step the Sonogashira coupling between bromo- or iodo-

substituted aryl esters was carried out yielding silyl-protected 

phenylacetylenes. In the next step, 1-bromoacetylenes (E1-

E3-C2Br) were obtained with the use of NBS 90 

(N-bromosuccinimide) and AgNO3/KF reaction system. The 

carbon chain elongation was attained via Cadiot-Chodkiewicz 

cross-coupling using TMSC2H in the presence of 

Pd(PPh3)2Cl2/CuI catalyst and NH(iPr)2 as a base.29 The cross-

coupling reactions were carried out in THF for 2-3.5 hours. The 95 

key step was the oxidative dimerization of trimethylsilyl-

protected butadiynes (E1-E3-C4TMS) that led to the aryl end-

capped octatetraynes. Products E1-C8-E1 and E2-C8-E2 were 

obtained via Hay-Glaser homocoupling30 with in situ 

deprotection using CuCl/TMEDA (N,N,N′,N′-tetramethylethyle-100 

nediamine) catalytic system in the presence of TBAF as the 

deprotection agent, TMSCl (chlorotrimethylsilane) as the F- ion 

scavenger, and O2 as an oxidant.31 The reactions were carried out 

in dry acetone for 20-22 hours. If the reaction time was too short, 

only products of deprotection of E1-E3-C4TMS were observed. 105 

Our attempts to obtain compound E3-C8-E3 via Hay-Glaser 

coupling failed and therefore Eglinton homocoupling of 

deprotected butadiyne was performed yielding the target 

octatetrayne. Workup on flash column chromatography gave pure 
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products with acceptable yields as presented in Scheme 1. 

  

 

SiR

Met. A TBAF, TMSCl, CuCl.

TMEDA, acetone, O2, rt,R

E1-C2TMS 97%

E2-C2TMS 100%

E3-C2TMS 65%

Met. B 1) TBAF, TMSCl,

acetone, rt

2) Cu(OAc)2,

pyridine, 50 oC

BrRSiR

NBS, AgNO3, KF,

H2O, MeCN, rt

TMSC2H, CuI, Pd(PPh3)2Cl2,

NH(iPr)2, THF, rt

E1-C2Br 84%

E2-C2Br 62%

E3-C2Br 96%

E1-C4TMS 57%

E2-C4TMS 50%

E3-C4TMS 50%

1 16%

2 27%

3 40%

X

TMSC2H, CuI,

Pd(PPh3)2Cl2, NEt3

= COOEt

OCOCH3
OCOC6H5

 
Scheme 1. Syntheses of the octatetraynes.  5 

Crystal structures of octatetraynes  

The crystal structures of E1-C8-E1 and E2-C8-E2 were 

determined and crystallographic data are presented in the 

Electronic Supplementary Information (ESI).† The monocrystals 

of E1-C8-E1 were obtained by slow evaporation of its acetone 10 

solution while E2-C8-E2 was crystallized from DCM 

(dichloromethane). E1-C8-E1 crystallized in P-1 space group, 

whereas E2-C8-E2 in C2/c space group. In both cases only half of 

the molecule resides in the asymmetric unit and the whole 

molecule is generated by symmetry operations. 15 

 
Figure 1. Molecular structure of E1-C8-E1.  

 
 

Figure 2. Molecular structure of E2-C8-E2. 20 

 

Table 1. Interatomic distances and angles for E1-C8-E1 and 

E2-C8-E2. 

 E1-C8-E1 E2-C8-E2 

Interatomic distances [Å]   

C11—C1 1.4340(16) 1.431(2) 

C1—C2 1.2060(17) 1.201(2) 

C2—C3 1.3631(17) 1.362(2) 

C3—C4 1.2108(17) 1.207(2) 

C4—C4Ai,ii 1.363(2) 1.360(3) 

O1—C17 1.4537(14) 1.3585(18) 

O2—C17 1.2084(14) 1.1940(19) 

C11—C11A dist 

C11—C11A sum 

% contraction 

11.757 

11.791 

0.29 

11.746 

11.762 

0.14 

C1—C1A dist 

C1—C1A sum 

% contraction 

8.913 

8.923 

0.11 

8.895 

8.900 

0.06 

Interatomic angles [o]   

C2—C1—C11 

C1—C2—C3 

C4—C3—C2 

C3—C4—C4Ai,ii 

O2—C17—O1 

175.08(12) 

177.07(12) 

176.48(13) 

179.49(17) 

176.48(13) 

177.11(17) 

177.71(17) 

177.20(17) 

179.5(2) 

123.44(15) 

C17—O1—C14 112.73(10) 119.95(12) 

O2—C17—C14 124.04(11) - 

O2—C17—C18 - 126.40(15) 

Av. Angle 177.03 177.88 

symmetry codes for: E1-C8-E1 (i) −x+2, −y+1, −z; E2-C8-E2 (ii) 

−x+1, −y+1, −z. 25 
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As presented in Figures 1-2 the molecules of E1-C8-E1 and 

E2-C8-E2 are almost ideally planar (the angles between the phen-

yl rings are 0° for both compounds due to the symmetry), with 

carbon atoms from the chain being no further than 0.160 and 

0.112 Å out of the planes of phenyl substituents for E1-C8-E1 5 

and E2-C8-E2, respectively. Such geometry creates very 

favourable conditions for a strong conjugation across the entire 

molecule. In the structure of E1-C8-E1 the bond lengths within 

the carbon chain are 1.206(17) Å and 1.2108(17) Å for the triple 

bonds C1≡C2 and C3≡C4 and 1.3631(17) Å and 1.363(2) Å for 10 

the single bonds C2—C3 and C4—C4A, and they are similar to 

those in E2-C8-E2 and other tetraynes.2,31,32 The polyyne carbon 

chains are only a little distorted from linearity with low 

contraction coefficients as described in Table 1.  

Packing motifs and reactivity implications  15 

The two structures crystallize in triclinic (P-1, E1-C8-E1) and 
monoclinic (C2/c, E2-C8-E2) systems. As a consequence, 
molecules of E1-C8-E1 form one set of parallel chains, while 
E2-C8-E2 are packed to form two non-parallel sets of parallel 
chains forming an angle of 13.9°. Figure 3 and 4 show packing 20 

diagrams for E1-C8-E1 and E2-C8-E2.  
 

 
Figure 3. Packing diagram for E1-C8-E1 with the shortest chain–
chain distance of 3.854 Å for C2B–C2D.  25 

 
The closest chain-chain separation was then analyzed. As defined 
earlier,2 we approximate the closest chain-chain distance as the 
closest carbon-carbon distance from two neighboring carbon 
chains. Accordingly, the nearest chains with parallel orientation 30 

for E1-C8-E1 are only 3.854 Å apart and this separation is 
slightly larger than a sum of the van der Walls radii (3.56 Å) and 
is analogous to that found for TMS(C≡C)4TMS (3.853 Å).33  

 

 35 

Figure 4. Packing diagram for E2-C8-E2 with the shortest chain–
chain distances for parallel and non-parallel neighbors. The 
distances [Å] are: C2B–C3AD, 3.780; C3B–C3AD, 3.742; 
C1AD–C1AB, 3.863.  
 40 

Table 2. Packing parameters for E1-C8-E1 and E2-C8-E2.  

Compound E1-C8-E1 E2-C8-E2 

chain-chain contact (Å, parallel) 3.854 3.863 

φ (°)2 67.8 83.0 
offset distance (Å)2 1.456 0.471 
fractional offset 0.12 0.04 

angle between nonparallel chains (°) - 13.9 

chain-chain contact (Å, nonparallel) - 3.742 

Despite the different space group, the shortest distance for 
E2-C8-E2 is almost identical (3.863 Å) to that of E1-C8-E1, 

which is the consequence of a similar size of the end-group. 
Additionally, for E2-C8-E2 the chain-chain distance between 45 

non-parallel chains is even shorter than that between parallel 
chains and reaches 3.742 Å.  
The 1,n-topochemical polymerization is one of the most 
important transformations that can take place in case of organic 
polyynes.34 The geometric requirements for such process for 50 

tetraynes (1,8-polymerization) are fulfilled when the nearest 
parallel chains are separated by ca. 3.5 Å and φ angle is close to 
21°. Searching for such values, it can easily be noticed (see Table 
2) that there is no good candidate for 1,8-polymerization among 
the investigated compounds and both structures present more 55 

ladder type architectures (φ = 67.8° and 83.0°; for ideal ladder 
type φ = 90°) with a potential for 1,2 process.  

UV-Vis Spectra 

The UV absorption spectra of the octatetraynes are presented in 

Figure 5 and summarized in Table 3. Samples were prepared by 60 

dissolving the compounds in DCM with concentrations presented 

in Table 4. The UV-Vis spectra were measured in the 225-800 

nm range (at intervals of 1 nm) however the absorption bands are 

observed only up to 425 nm.  

 65 

 
Figure 5. UV-Vis extinction spectra of the octatetraynes.  

 

Table 3. Selected spectral data for octatetraynes. 

Region 1  

λmax [nm], ε [M
-1 cm-1] 

Region 2 

λmax [nm], ε [M
-1 cm-1] 

E1-C8-E1 306 (120000) 407 (30000)  

E2-C8-E2 290 (150000) 401 (27000) 

E3-C8-E3 293 (110000) 402 (21000) 

 70 

The most intense absorption peaks (λmax) are observed within 

275-335 nm wavelength region. Narrow absorption peaks obser-

ved near 350, 370 and 400 nm are very similar for all the 

compounds due to the analogous length of the polyyne chain. 

Such spectra are characteristic for aryl-end-capped polyynes.10,12 75 

The highest molar absorptivity was observed for E2-C8-E2 

(ε � 150000 M-1 cm-1 for λ = 290 nm) and the values of the 

molar absorptivities are comparable to the octatetraynes with 

other end-groups.21 
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Table 4. The sample concentration for UV-Vis spectra and 

nonlinear optical measurements.  

UV-Vis spectra 
Nonlinear optical 

measurements 

E1-C8-E1 5.1 ∙ 10
	
 M 4.4 ∙ 10

	� M 

E2-C8-E2 4.1 ∙ 10
	
 M 4.8 ∙ 10

	� M 

E3-C8-E3 4.6 ∙ 10
	
 M 1.0 ∙ 10

	� M 

Nonlinear optical measurements 

f-scan measurements were performed at different wavelengths in 

the spectral range of 540-1600 nm. All the compounds were 5 

dissolved in DCM forming transparent solutions of relatively 

high concentrations, as specified in Table 4. The solution of 

E3-C8-E3 could be obtained only with slightly lower 

concentration due to some stability and solubility problems. Each 

investigated solution was placed in a 1 mm-thick glass cuvette, 10 

and the transmitted intensity of a focused laser beam passing 

through the cuvette was recorded simultaneously in closed 

aperture and open aperture configurations as a function of the 

focal length f (which was then recalculated to z, that is the 

position of the sample with respect to the focus).  15 

In addition to the cuvettes containing solutions of octatetraynes in 

DCM, which will be referred to as samples, each measurement 

included also three references: (1) empty space (required in 

closed aperture f-scan), (2) 4.66 mm-thick silica glass plate and 

(3) a cuvette containing pure solvent (DCM). The first reference 20 

is used to “correct” the closed aperture f-scan curves, so that the 

line-shape resembles the usual Z-scan data.25 The second and 

third references are needed to calibrate the light intensity (making 

use of the known nonlinear refractive index of fused silica) and to 

calculate the nonlinear optical parameters referring to the pure 25 

solute35 (pure octatetrayne). In addition, each open aperture f-scan 

curve of the sample is divided by the open aperture curve of the 

solvent (third reference), in order to remove any possible 

contribution of the nonlinear absorption of the solvent, as well as 

to get rid of the artefacts which may be present in both sample 30 

and solvent measurements.  

The experiment at a given wavelength consisted of a sequence of 

three consecutive measurements, and the series of measurements 

at different wavelengths in the 540-1600 nm range was repeated 

after several days under slightly different experimental conditions 35 

(different laser power and beam diameter). The error of the 

determined NLO parameters is estimated based on the statistics, 

depending on the repeatability of the results (when the results 

were poorly repeatable, the error was larger).  

The values of the real and imaginary parts of the cubic 40 

hyperpolarizability γ, corresponding to third-order nonlinear 

refraction (3NR) and two-photon absorption (2PA), respectively, 

are plotted in Figure 6. All the investigated compounds are found 

to exhibit strong third-order NLO properties: 2PA and negative 

3NR are observed in the 540-580 nm spectral range, which 45 

roughly corresponds to the doubled wavelength of the peaks in 

the main one-photon UV absorption band. It needs to be 

mentioned here, that, due to the centrosymmetric character of the 

compounds, exact correspondence between the one-photon and 

two-photon spectra is not expected, the one-photon transitions 50 

being allowed to states of ungerade character and the two-photon 

transitions to gerade states. However, because of the presence of 

a large number of possible electronic excited states as well as to 

possible deviations from centrosymmetry, the rough coincidence 

of the appropriate wavelength ranges is not unexpected. More 55 

detailed understanding of the 2PA mechanisms would require 

identification of the electronic transitions involved in this 

process, which could be possible by quantum chemical 

calculations supported by proper analysis tools.36 

 60 

Figure 6. Dispersion of the cubic hyperpolarizability γ, real (filled 

circles) and imaginary part (empty circles), of the investigated 

octatetraynes, obtained using f-scan. For wavelengths above 620 

nm the Im(γ) values account also for the higher order nonlinear 

effects. 65 

 

The values of the relevant NLO parameters were extracted by 

fitting the experimental data (silica, solvent and samples) using 

Page 5 of 9 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

appropriate theoretical curves based on the f-scan modification of 

the theory given by Sheik-Bahae et al.27 Representative closed 

aperture and open aperture f-scan traces at 560 nm for all three 

investigated samples are shown in Figure 7, together with the 

theoretical fits. 5 

 

 
Figure 7. Representative f-scan traces of the investigated 

octatetraynes at 560 nm: experimental data (empty circles) fitted 

by theoretical curves (solid lines). Left: closed aperture curves 10 

involving negative 3NR accompanied by 2PA. Right: open 

aperture curves exhibiting optical limiting behaviour due to 2PA. 

The asymmetric shape of the curves (compared to traditional Z-

scan) is a peculiar feature of f-scan and is fully accounted for by 

the theoretical model.  15 

 

As for organic compounds of relatively low molecular weight 

(394.42 for E1-C8-E1, 366.37 for E2-C8-E2 and 490.50 for 

E3-C8-E3), the magnitudes of the obtained NLO parameters can 

be considered as very high. The effect of negative 3NR in all 20 

studied octatetraynes in the spectral range of 540-580 nm was so 

strong that it surpassed the positive 3NR of the solvent and the 

cuvette glass, causing inversion of the closed aperture curve 

(exchange of the peak and valley positions along the z axis). For 

example, the nonlinear phase shift ∆Φ0 measured in the sample 25 

E1-C8-E1 (cuvette containing DCM solution of this compound) 

was equal -5.24 rad, whereas the values of ∆Φ0 equal 0.88 rad 

and 1.34 rad were obtained under exactly the same experimental 

conditions for the silica plate and the cuvette with pure DCM, 

respectively. Taking into account the concentration of the 30 

solutions, the values of Re(γ) at the spectral maximum (around 

560-580 nm) exceed -5 × 10−33 esu for E1-C8-E1, -4 × 10−33 esu 

for E2-C8-E2, and -1.4 × 10−32 esu for E3-C8-E3. At the same 

time, the magnitude of Im(γ) varies in the range from 1 to 5 × 

10−34 esu, that is one order of magnitude lower than Re(γ). Based 35 

on these results one may expect that organic compounds similar 

to the investigated ones could be promising for efficient optical 

switching, which requires the merit factor |Re(γ)/Im(γ)| to be 

greater than 4π.37 The highest values of this factor are found at 

580 nm: |Re(γ)/Im(γ)| > 20 in E1-C8-E1 and E2-C8-E2, and 40 

|Re(γ)/Im(γ)| > 50 in E3-C8-E3. Molecular engineering of such 

compounds, aiming for optimization of the NLO performance in 

the useful (telecom) spectral range is a promising challenge for 

future research work. 

 45 

Table 5. Comparison of Re(γ) values of different polyynes 

reported in the literature and in the present work. 

triple 

bonds 

end-

group 

|γ|×1035  

esu 

λ 

nm 

sol-

vent 

tech-

nique 
Ref 

4 
Pr3Sii 

1.25 ± 0.21 
800 THF 

DOK

E 

16, 

17 10 64.6 ± 2.7 

4 
Ph 

4.9 ± 1.8 
800 THF 

DOK

E 
21 

8 58.8 ± 3.6 

4 
Ru2 

25000 ± 4000 
532 

tolu-

ene 

DFW

M 
22 

8 18000 ± 3000 

2 
Ph 

17000 
532 

meth-

anol 

Z-

scan 
23 

4 130000 

4 
Pt 

320 ± 80  590 

520 
DCM 

Z-

scan 
24 

12 7500 ± 1200 

4 ‘E1’ 520 ± 70 

580 

 

f-scan 

this 

wor

k 

4 ‘E2’ 400 ± 30 DCM 

4 ‘E3’ 1400 ± 300  

 

Although direct comparison between the values of the real part of 

the second hyperpolarizability γ obtained using different 50 

techniques such as Z-scan, DOKE and DFWM may be erroneous, 

we find it appropriate to set together and discuss the values 

obtained in our work and the values determined in other research 

groups for similar compounds. It is done in Table 5, taking into 

account polyynes of the same number of triple bonds (4) as well 55 

as the longest polyynes studied in a given work (with an 

exception of Ref. 23, where polyynes up to 4 triple bonds were 

studied). Our results fall in between the relatively small 

magnitudes of γ reported in Ref. 16, 17 and 21, and the 

significantly larger values reported in Ref. 22 and 23. As already 60 

mentioned, low γ values of silyl and phenyl end-capped polyynes 

measured at 800 nm are probably a result of an off-resonant 

character of the NLO phenomena at this wavelength. On the other 

hand, results presented in Ref. 22 and 23 were obtained using 

nanosecond light sources, which makes the NLO measurements 65 

susceptible to contributions of parasitic phenomena such as 

molecular reorientation. In view of the above incompatibility 

issues, our results can be directly compared only with the work 

presented in Ref. 24. Indeed, the values of γ appear comparable, 

and the polyynes investigated in our work seem to slightly 70 

outperform compounds of similar polyynic chain lengths 

terminated by organometallic moieties. 

In the wavelength range of 600-680 nm the results were more 
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ambiguous, large discrepancies being found between different 

series of measurements, leading to relatively large errors of the 

determined third-order NLO parameters. Analysis of the results 

led to the conclusion that part of the discussed spectral range is 

probably a region of spectral overlap and interplay between the 5 

NLO phenomena of different order. In particular, both two- and 

three-photon (3PA) processes may contribute to the resultant 

nonlinear absorption behaviour of the samples. This makes the 

values of the effective cubic hyperpolarizability (γ) dependent on 

the laser intensity, in a manner that is difficult to predict, as the 10 

relative contribution of different nonlinear absorption processes 

cannot be easily assessed.  

 
Figure 8. Dispersion of 2PA and 3PA absorption cross-sections 

σ(2) and σ(3) (black and white squares, respectively), superimposed 15 

with UV-Vis spectra plotted as a function of doubled and tripled 

wavelength (grey solid and dashed lines). The values of σ(2) may 

be affected by the contribution of 3PA above 580 nm. At longer 

wavelengths, the values of σ(2) and σ(3) may be affected by the 

contribution of 4PA (above 825 nm), and additionally by 5PA 20 

(above 1000 nm). 

In addition, the possible instability of the samples cannot be 

excluded – one should be concerned that chemical changes, such 

as cross-linking of the polyynic chains, could have occurred 

during the measurements, affecting to some extent the NLO 25 

properties.23 However, we presume that such effects are rather 

weak, as the NLO parameters in the 540-580 nm range were 

rather well reproducible during different series of measurements. 

The occurrence of 2PA and 3PA is summarized in Figure 8, 

which shows the dispersion of multiphoton absorption cross-30 

sections σ(2) and σ(3) (filled and empty squares, respectively) 

against the one-photon absorption spectra plotted as a function of 

doubled and tripled wavelength (grey solid and dashed lines, 

respectively). 3PA becomes dominant in the open aperture f-scan 

curves at 640 nm, which is shown in Figure 9(a) in the case of 35 

E2-C8-E2. At wavelengths above 640 nm 2PA is no longer 

observed, whereas 3PA is clearly seen up to 825 nm, occurring in 

the spectral region which corresponds to the tripled wavelengths 

of the UV-Vis absorption region 225-275 nm. An example of 

open aperture curve featuring 3PA, measured in E1-C8-E1 40 

solution at 800 nm, is presented in Figure 9(b). 

The values of 3PA cross-sections were calculated directly from 

3PA absorption coefficient of the solution (α3), obtained by 

fitting open aperture data by 3PA theoretical curves based on the 

f-scan modification of the 3PA formula given by Gu et al.38 It is 45 

also possible to calculate σ(3) from relation: σ(3) = Eσ(2)
eff /I0 , 

where σ(2)
eff is the value of 2PA cross-section obtained from 

fitting the open aperture data by 2PA theoretical curves, E = hc/λ 

is the photon energy and I0 is the laser intensity obtained from 

closed aperture measurement of the silica reference. Such 50 

calculations give nearly the same values of σ(3). Each open 

aperture experimental curve at the wavelengths of 640 nm and 

above was fitted by both 2PA and 3PA, assuming contribution of 

only one of these phenomena during each fitting. Both σ(3) and 

effective σ(2) values were calculated in the spectral region 55 

dominated by 3PA, so that the relative strength of both optical 

limiting phenomena can be directly compared. 

 

 
Figure 9. Examples of the open aperture f-scan curves revealing 60 

3PA phenomenon. 

 

Figure 8 reveals the spectral regions, where two different NLO 

absorption processes are simultaneously present, resulting in 

large error due to variations of the multiphoton cross sections 65 

obtained at a given wavelength under different laser intensities. 

Such effects are visible not only in 2PA values in the range of 

600-680 nm, but also in the range of 850-950 nm, where another 

process – four-photon absorption (4PA) – is probably involved 

together with 3PA. Because the analysis of higher-order NLO 70 
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phenomena is associated with very large uncertainties, we refrain 

from going beyond 3PA. All of the open aperture curves obtained 

in our experiments above 640 nm are fitted separately by 2PA 

and 3PA theory, and possible contributions of higher-order 

absorption processes are accounted for by effective Im(γ) in 5 

Figure 6 (calculated from 2PA fits), and by effective cross 

sections σ(2) and σ(3) in Figure 8. These values are exact in the 

regions where only the one particular kind of nonlinear 

absorption is clearly dominant: σ(2) at 540-580 nm and σ(3) at 640-

825 nm. Outside these regions they should be used only for 10 

indicative description of the optical limiting strength under 

assumption of a pure contribution of the given nonlinear 

absorption process. Continuation of the discussion on higher-

order phenomena, including also the observation of higher-order 

nonlinear refraction, can be found in ESI.† 15 

Conclusions  

The investigated compounds exhibit very strong negative third-

order nonlinear refraction in the 540-580 nm spectral range, with 

peak values of Re(γ) in the order of -5 and -4 × 10−33 esu in 

compounds E1-C8-E1 and E2-C8-E2, respectively, and -1.4 × 20 

10−32 esu in compound E3-C8-E3. In all compounds the nonlinear 

refraction is accompanied by two-photon absorption with 

maximum cross-sections σ(2) varying from ~100 GM in E2-C8-E2 

up to ~200 GM in E1-C8-E1 and E3-C8-E3,  corresponding to 

Im(γ) between 2.5 and 4.5 × 10−34 esu. These results are 25 

comparable with the data for the compound PtC8Pt in Ref. 24 

where peak values of Re(γ) = -3.2 × 10-33 and Im(γ) = 7 × 10-34 

esu were found in the vicinity of 580 nm, not very different from 

the values in the present report. The high values of |Re(γ)/Im(γ)| 

merit factor obtained for the studied compounds confirm the 30 

potential suitability of the polyyne structural motif for optical 

switching. At longer wavelengths the samples exhibit complex 

nonlinear absorption behaviour, involving various multiphoton 

phenomena, with three-photon absorption being a dominant 

process in the range of 640-825 nm, showing maximum cross-35 

sections σ(3) at 640 nm in the order of 5 × 10−79 cm6s2 in 

E2-C8-E2, and up to 1 × 10−78 cm6s2 in E1-C8-E1 and E3-C8-E3.  

The present results suggest that polyynes remain very interesting 

group of organic compounds from the point of view of their NLO 

properties, especially that, apparently, even small molecules of 40 

such type – of molecular mass not exceeding 500 g/mol – can 

exhibit quite large values of the NLO parameters. Further 

investigation of these compounds, including spectrally resolved 

NLO measurements and theoretical analysis of the electronic 

transitions involved in the NLO mechanisms, such as presented in 45 

Ref. 36, may allow for rational design of the polyyne molecules 

suitable for photonic applications in the useful spectral regions. 
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