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a b s t r a c t 

The vibrational properties of a series of push-pull polyynes have been studied by infrared and Raman 

spectroscopy. The simultaneous activation of a strong infrared and Raman mode, i.e. the collective vi- 

bration of CC bonds of the sp carbon chain, highlights the effectiveness of a polyyne bridge in promot- 

ing charge transfer between the electron donor (D) and acceptor (A) ends, thus suggesting that ad-hoc 

functionalized polyynes are worth being explored as building blocks of organic materials with attractive 

first-order optical nonlinearity. The optical, electronic, and vibrational properties of these molecules have 

been investigated with the support of density functional theory calculations, as well as the electronic 

and vibrational first hyperpolarizabilities ( β). The mid-low region of the IR spectra (80 0-160 0 cm 

−1 ) has 

been analyzed in detail, searching for marker bands of the specific terminations of the different sp carbon 

chains thus achieving a complete vibrational characterization of sp hybridized push-pull systems. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Polyynes are π-conjugated systems formed by sp-hybridized 

arbon chains featuring alternated triple and single carbon bonds 

1–5] . As a model of finite carbon atomic wires representing car- 

yne, the interest in polyynes has grown during the last decades 

hanks to their predicted optical, electronic, mechanical proper- 

ies and their possible applications in nanotechnology fields [6–8] . 

n particular, polyynes possess appealing nonlinear optical (NLO) 

roperties as already observed in other conjugated materials [ 2 , 9–

2 ]. Moreover, the possibility to easily simulate one-dimensional 

odels attracted the interest of theoreticians [13–19] , providing 

reat support in the analysis of vibrational experimental data of 

olyynes [ 13 , 20–25 ]. 

Polyynes can be synthesized by chemical and physical methods, 

uch as arc discharge in liquid and pulsed laser ablation in liq- 

id [ 1 , 4 , 5 , 24 , 26 ]. During the last years, the research on the chem-

cal synthesis of polyynes has made significant steps, concerning 

he control of their chemical structure and their precise length 
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 4 , 26 , 27 ]. One critical issue in the study of sp-hybridized carbon

ompounds is their instability under ambient conditions [ 5 , 28 ]. In- 

eed, carbon atomic wires in condensed phases tend to rearrange 

nto more stable sp 

2 systems, through crosslinking or oxidation 

eactions [28] . However, it has been proven that the presence of 

ulky endgroups hinders crosslinking, increasing the stability of 

he molecules up to the remarkable length of 48 carbon atoms 

 26 , 29 , 30 ]. Moreover, it was demonstrated that the encapsulation 

f polyynes in rotaxanes or carbon nanotubes allowed to synthe- 

ize and stabilize long linear carbon chains [31–34] . 

The successful strategies introduced for improving polyynes sta- 

ility have allowed material scientists to investigate their proper- 

ies in deeper detail. Regardless of their specific chemical struc- 

ure (i.e., endgroups), all carbon atomic wires feature an intense 

aman mode which behavior has been analyzed in the framework 

f the effective conjugation coordinate (ECC) theory applied to the 

-conjugated polyyne [ 23 , 35 , 36 ]. Such strong Raman transition is 

ssigned to the collective vibration of all the CC bonds of the sp 

hain and it is located in a spectral region where the other car- 

on allotropes are Raman inactive, which makes it a distinct fin- 

erprint of these compounds [ 20 , 37 ]. The ECC band can give infor-

ation about the structure, the length, and the terminations of the 

hains, and several other properties related to the presence of de- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Schematic representation and molecular structure of ynamines. [n] indicates 

the number of triple bonds in the sp chain. The green arrow represents the ex- 

pected direction of the electric dipole moment (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this arti- 

cle.). 
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ocalized π electrons [ 14 , 20 , 21 ]. The occurrence of bending of the

hain structure can be revealed through the comparative study of 

he ECC modes in IR and Raman spectra [22–24] . Indeed, the sym- 

etry lowering determined by the deviation from a linear polyyne 

hain, as indeed it happens both in solid crystalline and solution 

hases, results in the activation of several marker bands which can 

e easily recognized [22–24] . 

Following the early insight that molecules with delocalized and 

olarizable π electrons were promising candidates for application 

n the field of optics and optoelectronics, thanks to their NLO per- 

ormances, great efforts were spent on the design and synthe- 

is of new organic molecules with enhanced hyperpolarizabilities 

nd the rationalization of their NLO properties through theoreti- 

al models [38–50] . Most of the NLO effects of interest for tech- 

ological applications occur with visible or near-infrared radia- 

ion so that the electronic hyperpolarizabilities are the quantities 

f interest for the design and optimization of the devices. How- 

ver, the vibrational contribution to the NLO response of organic 

olecules is often far from being negligible [51–55] . A clear cor- 

elation between the electronic and vibrational hyperpolarizabili- 

ies was observed and ascribed to the strong electron-phonon cou- 

ling in molecules with conjugated π electrons [ 51 , 55 ]. For this 

eason, the vibrational hyperpolarizabilities can provide a good es- 

imate of their electronic counterpart [56] . The quantitative agree- 

ent between the vibrational and the electronic hyperpolarizabil- 

ties was observed to improve with increasing hyperpolarizability 

alues [ 51 , 55 , 57 ]. In this context, polyynes featuring two differ-

nt molecular endgroups represent an ideal candidate to investi- 

ate vibrational and NLO properties with particular attention to 

heir first hyperpolarizability that can be derived from vibrational 

pectroscopy investigations. The two different endgroups can in- 

uce the polarization of the sp chain that results in the activation 

n the IR of the characteristic Raman-active ECC modes of the sp 

hain [22] . Hence, remarkable spectroscopic features are expected 

f the end groups can act as donor (D) and acceptor (A) units, 

hus inducing a large static dipole moment along the polyyne 

xis, as observed in the case of push-pull polyenes and other D- 

-A systems [ 38 , 45 , 46 , 58 ]. Unfortunately, the experimental stud- 

es of the NLO behavior of polyynes are limited by the availabil- 

ty of chemically stable samples of structurally well-defined com- 

ounds. The available experimental determinations deal with the 

lectronic [ 9 , 10 , 59 ] and the vibrational [ 11 , 60 ] second hyperpolar-

zability ( γ ), while no experimental studies on push-pull polyynes 

howing large first hyperpolarizability ( β) have been appeared so 

ar, except for quadrupolar molecules with polyyne bridges, for 

hich the first order NLO response has been measured by two- 

hoton absorption experiments [51] . 

In this work, we show how in these push-pull systems the pe- 

uliar IR activity of the ECC modes is responsible for a large vi- 

rational contribution to the first molecular hyperpolarizability. We 

lso highlight the close correlation existing between the vibrational 

nd the electronic contribution to the first molecular hyperpolariz- 

bility of push-pull polyynes. Such correlation was demonstrated 

n the past for push-pull polyenes and other organic molecules 

haracterized by a backbone of sp 

2 carbon atoms sharing a po- 

arizable π electrons system [ 45 , 51 , 59 , 61 ]. The NLO response of

ush-pull polyynes and apolar (symmetric-ends capped) polyynes 

as been investigated by quantum chemical calculations of the 

lectronic and vibrational hyperpolarizabilities of series of model 

olecules [ 57 , 62–65 ]. The effect of increasing the chain length, 

nd the performances of polyene vs polyyne π bridges, as well as 

he relationship between electronic and vibrational hyperpolariz- 

bilities have been analyzed in detail [ 57 , 62 ]. We investigate the 

R and Raman spectroscopy of a series of stable push-pull polyynes 

hat have been named ynamines due to their amine capping (see 

ig. 1 ). We examine their spectroscopic behavior to gather exper- 
2 
mental evidence that supports the remarkable β values deter- 

ined by quantum chemical approaches. We have restrained our- 

elves to experimentally determine the βv values through the mea- 

urement of the vibrational intensities, by the procedure described 

n the work of Castiglioni et al. [56] , because the strong dipole of 

namines is likely to drive aggregation effects in the solution state. 

f course, such aggregation effects may significantly influence the 

ssessment of the absolute IR and Raman intensities, and we plan 

o address this delicate issue in dedicated work. 

The ynamines considered in this work have a varying chain 

ength from 2 to 4 triple bonds and are terminated by a common 

cceptor at one end (A = benzonitrile) and by a varying donor (D) 

roup at the other end. The analysis of their IR and Raman spec- 

ra shows the presence of the ECC transition as a strong Raman 

nd IR band. This behavior is accounted for by DFT calculations, 

nd it is justified by the sizeable charge transfer established be- 

ween the two polar endgroups of ynamines. This electron charge 

ransfer from the donor to the acceptor endgroup is sustained by 

he π electron cloud and determines a geometry relaxation of the 

hole polyyne chain. Remarkably, the CC bonds belonging to the 

hain become polarized. Hence, the CC stretching vibrations that 

re usually IR weakly active or inactive gain large infrared inten- 

ity, as it is was discussed for the ECC CC stretching vibrations of 

ush-pull polyenes [ 45 , 46 , 56 ]. In push-pull polyenes, the simulta- 

eous IR and Raman activity of the ECC mode, which originates the 

ost intense band both in the IR and Raman spectra, provides the 

xperimental signature of a large vibrational β . To the best of our 

nowledge, the present study is the first detailed characterization 

f the vibrational structure of a representative series of push-pull 
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olyynes (ynamines) that highlights behavior that parallels one of 

he push-pull polyenes. 

Besides the activation in the IR of the ECC modes, ynamines 

lso show the characteristic evolution of structural, optical, and vi- 

rational properties as a function of increasing π-electrons conju- 

ation ( i.e. , chain length) [ 5 , 21 ]. The bond length alternation pa-

ameter (BLA, i.e. the difference between the averaged single and 

riple bond lengths), the HOMO-LUMO gap, and the position of 

he ECC peaks, all depend on the sp chain length, as well as on 

he occurrence of different donor groups in the ynamines series 

onsidered. Finally, the 80 0–160 0 cm 

−1 region of the IR spectra of 

namines has been analyzed to assign the main markers of the dif- 

erent donor groups. 

. Materials and methods 

Fig. 1 shows the chemical structures of the ynamines here in- 

estigated, grouped by their donor (D) group (the acceptor (A) 

roup is the same for all the compounds). Powder samples exhibit 

hromatic tones going from yellow to red. Ynamines belonging to 

he A, B, and C series were synthesized through the method based 

n the one described in the work of Pigulski et al. [29] . The de-

cription of the synthesis of the molecules belonging to the D[n] 

eries follows here below. For spectroscopic characterization (NMR) 

f new compounds please see Supporting Information. 

D[2]: 4-(Bromobutadiynyl)benzonitrile [66] (0.140 g, 

.608 mmol) was dissolved in dry MeCN (10 mL) and placed 

n a 20 mL screw-sealed vial. Next Na 3 PO 4 (0.207 g, 1.22 mmol) 

nd morpholine (0.080 mL, 0.91 mmol) were added. The mixture 

as stirred at 40 °C for 1 h and after that time 10 mL of diethyl

ther was added. The reaction mixture was passed through an 

lumina plug (basic, Brockmann grade I, Et 2 O) and solvents were 

vaporated to produce D[2] as a yellow solid (0.112 g, 0.474 mmol). 

ield: 78%. 

D[3]: 4-(Bromohexatriynyl)benzonitrile [66] (0.095 g, 

.315 mmol), dry MeCN (10 mL), Na 3 PO 4 (0.107 g, 0.629 mmol), 

nd morpholine (0.041 mL, 0.47 mmol) were reacted as for D[2]. 

nalogous workup gave orange solid of D[3] (0.053 g, 0.204 mmol). 

ield: 65%. 

D[4]: 4-(Iodooctatetraynyl)benzonitrile [67] (0.089 g, 

.277 mmol), dry MeCN (10 mL), Na 3 PO 4 (0.091 g, 0.554 mmol), 

nd morpholine (0.036 mL, 0.41 mmol) were reacted as for D[2]. 

nalogous workup gave D[4] as yellow solid (0.045 g, 0.158 mmol). 

ield: 57%. 

FT-Raman and IR spectra were recorded both in solid-state 

nd in chloroform solution (chloroform, 99.8 + %, stabilized with 

mylene, Fisher Chemical). The concentration of each ynamine in 

he corresponding solution was approximately 10 −2 M. FT-Raman 

easurements were performed at room temperature with a Nico- 

et NXR9650 spectrometer (4 cm 

−1 resolution, 50 μm spot size) 

quipped with a Nd-YVO 4 solid-state laser providing a 1064 nm 

xcitation line. 512 scans were accumulated for each FT-Raman 

pectrum to reach an acceptable signal-to-noise ratio. Powders 

ere probed at a power of approximately 400 mW while solu- 

ions at approximately 1 W. IR measurements were carried out 

ith a Nicolet Nexus FTIR spectrometer coupled with a Thermo- 

icolet Continu μm infrared microscope and liquid nitrogen cooled 

CT detector. The micro-IR spectra of the ynamines powders were 

ollected in transmission mode by depositing the samples on a 

iamond anvil cell (DAC). IR spectra of the solutions were col- 

ected at room temperature through a cell for liquid samples with 

Br windows employing a Nicolet Nexus FTIR (4 cm 

−1 resolution) 

quipped with a DTGS detector. 32 scans (4 cm 

−1 resolution) were 

ollected for each reported IR spectrum. 
3 
. Calculation 

Geometry optimization, the calculation of IR/Raman spectra, 

nd the first hyperpolarizability of the molecular models reported 

n Fig. 1 (isolated single molecules) have been carried in the frame- 

ork of Density Functional Theory (DFT) by using GAUSSIAN09 

ackage [47] . Calculations have been carried out at PBE0/cc-pVTZ 

evel of theory, previously adopted for many other polyyne struc- 

ures to obtain a nice agreement with experimental spectra [ 6 , 20 ]. 

he computed vibrational frequencies have been scaled by a fac- 

or of 0.9578, determined by adjusting the phenyl stretching 

ode predicted by DFT at ≈1667 cm 

−1 to the peaks observed at 

1597 cm 

−1 in solution samples. 

. Results and discussion 

.1. The IR and Raman spectra of ynamines 

We focus on the A[n] series, taken as representative of all the 

namines samples investigated in this work. The spectra of the 

ther polyynes are reported in the Supporting Information (SI), i.e. 

he B[n] series in Fig. S1, C[n] in Fig. S2, and D[n] in Fig. S3. 

The IR and Raman spectra are shown in Fig. 2 for both solu- 

ion and powder samples and chain length from 4 to 8 sp-carbon 

toms ([n] as the number of acetylenic units moving from 2 to 4). 

xperimental results are compared with DFT simulations carried 

ut on isolated molecules. The Raman spectra are normalized to 

he intensity of the phenyl ring stretching mode located at about 

600 cm 

−1 and are dominated by the intense ECC peak in the 20 0 0 

o 2200 cm 

−1 spectral region. The increased conjugation results in 

 remarkable increase of the intensity of the ECC band with sp 

hain length, shown in Fig. 2 . Such increase is even larger than 

hat is shown in Fig. 2 due to the adopted normalization. Indeed –

s shown by theoretical predictions (see Table 1 ) – also the phenyl 

and, selected as an internal reference, is affected by the increase 

f the conjugation length and its Raman intensity growths with n. 

As confirmed by the analysis of the vibrational eigenvectors 

omputed by DFT, the strongest Raman lines correspond to the ECC 

ode of the polyyne chain, i.e. the collective in-phase stretching 

nd shrinking of the C ≡C and C-C bonds [ 13 , 20 ]. This peculiar vi-

rational mode is characteristic of π-conjugated materials and co- 

ncides with the oscillation of the bond length alternation (BLA) 

arameter [ 20 , 21 ]. As expected, the ECC band shows a pronounced 

requency dispersion and intensity modulation directly related to 

he length of the sp chain. Differently from the case of apolar or 

lightly polar polyynes, the ECC Raman transition is very intense 

lso in the IR spectra of the A[n] series, as well as in the other 

namines here investigated. Measurements were performed both 

n solution and in powder to observe solid-state effects. If we con- 

ider the spectra in solution, we observe a perfect coincidence in 

he peak position of the strongest IR band with the ECC line iden- 

ified in the Raman spectra ( Fig. 3 b). The corresponding DFT cal- 

ulations, that mimic isolated molecules, predict this behavior, as 

isplayed in Fig. 3 c and illustrated by the theoretical data reported 

n Table 1 . 

Interestingly, a small but non-negligible shift (about 4 cm 

−1 ) 

f the main ECC line is observed by comparing the experimental 

R and Raman spectra of solid-state samples, as shown in Fig. 3 . 

his is an indication that these modes are slightly affected by in- 

ermolecular interactions. Molecules in the crystal may form pairs 

riented with antiparallel dipoles with inversion center symmetry. 

uch a kind of molecular packing is observed in the solid-state of 

[3] and D[4]: the crystal structure of A[3] is available in the work 

f Pigulski et al. [29] , while that of D[4] is reported in Fig. S15 

n the SI and it represents the first X-ray structure of nitrogen- 

apped octatetrayne (CCDC 2087228, see SI for the crystal data). 
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Fig. 2. Panels (a) and (d) report powder IR and Raman spectra of the A[ n ] series ( n = 2–4), panels b) and e) display IR and Raman solution spectra and panels (c) and (f) 

show IR and Raman DFT calculations, respectively. The grayed region in panel (b) is not measurable because of the strong IR absorption of the solvent. 

Table 1 

Calculated frequencies and intensities for the vibrational modes of the A[n] series ( n = 2–4) in the region 1600 – 2300 cm 

−1 . The values relative to 

the ECC mode are highlighted with bold characters. 

Vibrational wavenumber (unscaled) [cm 

−1 ] Vibrational wavenumber (scaled) [cm 

−1 ] Intensity IR [km/mol] Raman Activity [A 4 /amu] 

A[2] 1668 1597 297 5563 

2262 2166 1 3974 

2313 2215 2284 20712 

2358 2258 25 1069 

A[3] 1667 1597 240 11122 

2210 2117 520 6676 

2261 2165 2385 70103 

2320 2222 354 2391 

2359 2259 87 2262 

A[4] 1667 1597 278 18500 

2178 2087 1 6228 

2208 2115 3465 175496 

2285 2188 288 4920 

2318 2220 500 8838 

2360 2261 108 3175 
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he vibrational modes of the single-molecule give rise to two dif- 

erent modes of the pair, where two nearest molecules vibrate in- 

hase ( gerade , Raman active) or out-of-phase ( ungerade , IR active). 

he intermolecular interactions determine the frequency splitting 

etween such gerade and ungerade vibrations of the crystal, and 

he symmetry selection rules determine the mutual exclusion of 

he pair of vibrational modes in the IR and Raman spectra, as sug- 

ested by the non-coincidence of the strong ECC transition in the 

R and Raman spectra of the powder samples (see Fig. 3 ). 

In the 20 0 0-220 0 cm 

−1 region, besides the previous intense 

ignals, we can recognize other weaker vibrational transitions, both 

n IR and Raman spectra, whose number increases with the chain 

ength. This feature was already encountered in other polyyne sys- 

ems, where their phonon dispersion was investigated using the 

ligomer approach [ 13,22,68 ]. The stretching mode of the C ≡N 

roup of the benzonitrile termination shared by all ynamines is 

resent in both Raman and IR spectra, located at ≈2220 cm 

−1 , re- 

ardless of chain length or termination. In the region between 800 

nd 1600 cm 

−1 , the IR spectra are characterized by crowds of sig- 
B

4 
als that can be assigned to vibrational modes of the endgroups of 

namines. 

The rationalization of the spectroscopic behavior of ynamines, 

specially in the 20 0 0-220 0 cm 

−1 range, can be undertaken by 

onsidering the two main features of such molecules. From one 

ide, with increasing chain length, ynamines behave like homo- 

erminated polyynes; from the other side, the observed activation 

n the IR of the ECC modes is the remarkable consequence of the 

ush-pull nature of ynamines and deserves a careful discussion in 

onnection with their large first hyperpolarizability. 

The properties of ynamines can be investigated following the 

pproach generally adopted to analyze polyynes and other π- 

onjugated compounds. Fig. 4 shows the correlations between the 

LA parameter, the HOMO-LUMO gap calculated by DFT, and the 

ean position of the ECC peak obtained from the experimental 

R and Raman spectra of powder samples and their counterparts 

redicted by DFT. Ynamines possess optical gap values in the near 

V region (3.3 – 4 eV), that decrease with the increase of π- 

onjugation [ 5 , 16 ]. Similarly, the HOMO-LUMO gap decreases with 

LA, since the increase of π-conjugation leads to a decrease of 
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Fig. 3. Comparisons of experimental IR (reddish tones) and Raman (bluish tones) spectra of the A[n] series ( n = 2—4) both in (a) powder, (b) solution, and (c) DFT calcula- 

tions in the region dominated by the ECC mode. 

Fig. 4. (a) Evolution of the HOMO-LUMO gap and the ECC peak position as a function of BLA of ynamines. Each termination is labeled by a specific marker (circle for 

A, square for B, thin diamond for (c), and triangle for (d). Ynamines with the same number [ n ] of triple bonds are inserted into colored circles and marked with the 

corresponding tag (blue for [n] = 2, red for [n] = 3, and green for [n] = 4). Experimental and DFT data are classified by filled and empty markers, respectively. b) panel 

reports the region between 20 0 0 and 240 0 cm 

−1 of powder, solution, and DFT calculated IR spectra, respectively, of ynamines with [n] = 2 triple bonds. c) panel reports the 

region between 20 0 0 and 2400 cm 

−1 of powder, solution, and DFT calculated Raman spectra, respectively, of ynamines with [n] = 2 triple bonds (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.). 

5 
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LA. For the systems investigated here, it turns out that the BLA is 

ainly determined by the length of the polyyne bridge and less af- 

ected by the endgroups: ynamines with the same length and dif- 

erent endgroups exhibit quite similar BLAs and can be enclosed in 

 small region of the BLA vs . HOMO-LUMO gap plot. Similar con- 

iderations apply to the position of the ECC peaks as a function 

f BLA. We observe the expected bathochromic shift of the ECC 

osition with decreasing BLA, or equivalently with the increase 

f the sp chain length [ 14 , 16 , 22 , 23 , 60 , 69 , 70 ]. Ynamines with the

ame size, display rather close positions of the ECC peaks, inde- 

endent from the differences in the donor group. This effect is 

sually observed in size-selected polyynes with chemically simi- 

ar and symmetric endgroups [ 14 , 16 , 60 , 69 ]. The substitution with a

hemically different termination may introduce a measurable shift 

f the ECC position, as in the case of CN-capped polyynes, i.e. H- 

 n -H vs H-C n -CN [ 71 , 72 ]. Therefore, we have a spectroscopic indi-

ation that the different donor groups of ynamines similarly affect 

he π-conjugation. This is confirmed by the examination of panels 

b) and (c) of Fig. 4 , where are presented zoomed regions (20 0 0-

400 cm 

−1 ) of the experimental and simulated IR and Raman spec- 

ra of the ynamines belonging to the [n] = 2 series. 

While the main spectral features of ynamines are well repro- 

uced by DFT simulations, there are some discrepancies between 

heory and experiments. First, the infrared intensity of a mode lo- 

ated at about 2145 cm 

−1 in all [n] = 2 series (see black arrows in

ig. 4 b)) is underestimated by the calculations. This mode is asso- 

iated with a collective vibrational mode of the sp chain involving 

LA oscillation and showing a node on the central C–C bond (see 

ig. S4 in the SI), as found in other polyynes [ 13 , 22–24 , 70 ]. Sec-

nd, DFT calculations do not predict the shape of the ECC band of 

[2]. This structure could be explained by a peculiar coupling be- 

ween the C ≡N stretching and ECC vibrations. Indeed D[2] is the 

olecule showing a higher ECC frequency, very close to that of 

he C ≡N stretching mode. These discrepancies could be associated 

ith the over-delocalization of the π-electrons described by DFT 

alculations, which predict C ≡N and ECC modes too far apart and 

verestimate the collective character of the 2145 cm 

−1 mode. 

The region of the IR spectra of ynamines that ranges from 800 

o 1600 cm 

−1 , reported in Fig. 5 , is rich of bands. In this region,

he IR spectra of ynamines with the same length slightly differ by 

hanging the donor group. Therefore, this region of the IR spec- 

rum can be used to identify some markers of the specific donor 

ndgroups. In SI a detailed discussion of these features is illus- 

rated (see Section “Donor-dependent markers in the mid-low IR 

pectrum” in the SI). 

The analysis of the experimental spectrum in this region put 

nto light several weaknesses of DFT calculations carried out on 

ndividual isolated molecules: experiments show the presence of 

wo rather strong doublets centered around 950 cm 

−1 and around 

500 cm 

−1 respectively (see insets in Fig. 5 ), where the predicted 

pectrum shows one only strong IR transition; moreover, at lower 

avenumbers, the predicted spectrum does not fit well the ex- 

erimental spectra both of powders and solution, both showing a 

ery strong transition at about 830 cm 

−1 , not reproduced by the 

heory. The appearance of doublets in the experimental spectra of 

rystalline phases is often ascribed to crystal field splitting, that, 

owever, is not expected in our case because of the presence of 

n inversion center, which relates the two molecules forming the 

asis of the crystal (P ̄1 space group). Interestingly, also molecules 

n solutions show similar features, even if the components form- 

ng the doublets have different relative intensities compared to the 

rystalline phases. 

Periodic boundary conditions DFT simulation performed on the 

rystal of the A[3] molecule shows a better agreement with the ex- 

erimental data. Compared to single-molecule calculation, it shows 

 larger number of modes with remarkable IR intensity in the mid- 
6 
ow region of the IR spectra (see Figs. S7 in the SI). The computed 

ibrational eigenvectors show that this behavior can be ascribed 

o intermolecular interactions that scarcely modify the vibrational 

ynamics (and frequencies) but determine mutual polarization ef- 

ects on the interacting molecules. This results in a remarkable ac- 

ivation of some IR modes, which were practically silent for the 

solated molecule. Also, the strong feature at about 830 cm 

−1 is 

ell reproduced by the calculations for the crystal, showing in this 

egion several intense IR transitions associated with complex col- 

ective vibrational modes. In this case, the strongly IR active modes 

re characterized by a mixing of ring breathing and out-of-plane 

H bending modes, that do not find a counterpart among the nor- 

al modes of the isolated molecule. While the DFT calculation of 

he crystal allows us to explain observed features which are not 

aptured by single-molecule calculations, we still need to explain 

hy the experimental spectra of ynamines in solutions (in the in- 

ets of Fig. 5 a) show similar features as those observed in the 

olid-state. A way to rationalize these findings is considering that 

 non-negligible population of clusters and/or dimers survived in 

ll the solutions, together with single molecules. In fact, the theo- 

etical prediction of the vibrational spectra of a dimer of the A[3] 

olecule (starting geometry “extracted” considering closely packed 

imers occurring in the crystal) nicely supports the above conclu- 

ion (see Figs. S7 in the SI). The vibrational spectrum predicted for 

he dimer shows features correlated to the pattern obtained from 

imulation of the crystal; overall, the IR spectrum of the dimer is 

ore structured than that of the single-molecule and seems to an- 

icipate the relevant effect observed for the crystal, namely the ac- 

ivation in the IR of some modes with vanishing intensity in the 

pectrum of the isolated molecule. 

To experimentally check the soundness of our interpreta- 

ion, spectra of the solution at variable concentration spectra of 

olecule A[2] have been recorded (see Figs. S6 in the SI). All the 

pectra show doublets around 950 and 1500 cm 

−1 , even at the 

owest concentration, i.e. 8 × 10 −4 M, near the detection limit of 

ur instrument. Remarkably, we can observe a slight evolution of 

he band shapes (relative intensities of the components of the dou- 

lets) toward the powder sample spectrum, while increasing the 

oncentration. Even if these finding, together with simulations of 

he dimer, suggests that intermolecular interactions play a signif- 

cant role also in diluted solution, there is another phenomenon 

hat justifies some weakness in the prediction of the solution spec- 

ra by DFT simulations. 

As illustrated in SI (Fig. S8) for case A[4], the presence of “flex- 

ble” bonds belonging to the donor group, gives rise to several sta- 

le conformations of the molecules. The contribution to the solu- 

ion spectrum from few low-energy conformers could justify the 

resence of additional bands which are not present in the single- 

olecule simulations. 

.2. IR activation of the ECC mode as a marker of π-electrons 

olarization 

The coincidence of Raman and IR bands in polyynes has been 

lready reported in the case of slight deviations from linearity in- 

uced by the bending of the sp chain or in the case of uneven ter- 

inations, that cause the breaking of the local inversion symme- 

ry [ 22–24 , 73 ]. In those cases, the symmetry-allowed vibrational 

odes of IR spectra were weakly activated in the Raman spec- 

ra, and vice versa, due to the dynamic polarization of the sp car- 

on chain [22–24] . DFT simulations could rationalize the observed 

iolation of the IR/Raman exclusion principle for symmetrically 

ubstituted polyynes in presence of slightly bent polyyne models, 

hile calculations cannot predict this phenomenon in the case of 

traight chains. The case of ynamines is different and it can be ana- 

yzed in the framework of push-pull π-conjugated molecules. The 
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Fig. 5. Focus on the spectral region between 800 and 1600 cm 

−1 of the IR spectra of the [n] = 2 series of ynamines. (a) Experimental IR spectra of powder samples. The 

two insets report slices of the IR spectra of solutions, in the left panel between 880 and 1100 cm 

−1 and the right inset between 1480 and 1550 cm 

−1 . (b) DFT calculations 

of the same ynamines of panel (a). 
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tructure of ynamines is similar to that of push-pull polyenes, in 

hich the π-conjugated skeleton is made by sp 

2 -hybridized car- 

on atoms [ 45 , 46 ]. Push-pull polyenes also feature a strong IR sig- 

al assigned to the ECC mode of the π-conjugated bridge, the ori- 

in of which has been widely investigated in the past [ 45 , 46 ]. 

The evolution of the infrared intensity of the ECC band in the 

R spectra of the A[n] series of ynamines as a function of the num- 

er of triple bonds is reported in Fig. 6 . The experimental intensity 

alues, calculated as the integrated area of the band and normal- 

zed to the total CH stretching intensity (3150-2750 cm 

−1 ), show 

 monotonic growth of the IR intensity of the ECC band, with the 

ength of the sp carbon chain. The selected CH stretching region 

s a good internal reference, because it shows a very stable in- 

rared intensity along with the A[n] series, independently on the 

olyyne chain length. Fig. 6 shows a similar trend of experimental 

nd calculated intensities. The calculated IR intensities slightly in- 

rease from A[2] to A[3], while a relevant increase occurs for A[4], 

ifferently from the dipole moment values showing a linear in- 

rease with chain length. This jump from A[3] to A[4] appears to 

e slightly overestimated by DFT calculation. 

The explanation of the observed IR intensity trend can be based 

n a simple model which uses the concept of “effective internal 

lectric field F”, induced by the polar terminations and affecting 

lectrons belonging to the chain [46] . Based on this model, a linear 

elationship between the Raman and IR intensities of ECC modes 

f polyenes is expected [45] , whose proportionality constant is the 

quare of the effective internal field, F 2 . Moreover, under certain 

onditions, the effective field in the dipole direction can be easily 

stimated as the ratio of the static dipole moment and the molec- 

lar polarizability, i.e. F = 

μ
α , where α is the diagonal component 

f the static molecular polarizability in the dipole direction. This 

odel can explain the behavior of the IR intensities of ynamines. 

espite the linear increase of the molecular dipole moment, F de- 

reases from A[2] to A[4], because of the leading role of the de- 
d

7 
ominator, namely of the static molecular polarizability that in- 

reases more than linearly with the sp carbon chain length. Con- 

ersely, the Raman intensity of the ECC mode increases markedly 

ith chain length. The opposite trends of F and the ECC Raman 

ntensity determine the observed behavior of IR intensity with n. 

On the other hand, the linear increase of the dipole moment 

 Fig. 6 ) is explained if the charge transfer between (D) and (A) 

roups is supposed to be independent of the polyyne length, sim- 

ly considering the effect of the increasing distance between (D) 

nd (A) groups, while increasing the π bridge length. Interestingly, 

his observation tells us that the whole chain is involved in the 

harge transfer process, thus indicating that we are far from the 

ypical “saturation” of the push-pull behavior observed for long 

olyene systems [ 38 , 74 ]. 

.3. First hyperpolarizability: vibrational and electronic contributions 

The vibrational first hyperpolarizability ( βv ) is usually large in 

ush-pull molecules and it can be expressed as follows: 

v 
nmp = 

1 

4 π2 c 2 

∑ 

k 

(
1 

v 2 
k 

)
×

[
∂ μn 

∂ Q k 

∂ αmp 

∂ Q k 

+ 

∂ μm 

∂ Q k 

∂ αnp 

∂ Q k 

+ 

∂ μp 

∂ Q k 

∂ αmm 

∂ Q k 

]

(Eq. 1) 

here the index k denotes a given vibrational transition, with as- 

ociated wavenumber νk , normal coordinate Q k , dipole derivative 
∂μ
∂ Q k 

and polarizability derivative ∂α
∂ Q k 

. Both derivatives in Eq. (1 ) 

re evaluated at the equilibrium geometry. Very often, to ease 

omparisons, the vector component of the β tensor is introduced: 

μ = 

∑ 

i = x , y, z μi 

(
βixx + βiyy + βizz 

)
√ 

μ2 
x + μ2 

y + μ2 
z 

(Eq. (2) 

Since IR intensities and Raman activities depend on dipole 

erivatives and polarizability derivatives, respectively, vibrational 
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Fig. 6. Evolution of the integrated intensity of the ECC IR band normalized to the CH stretching total intensity from (a) the experimental spectra of Fig. 2 (a) and from DFT 

calculations (b) predicted dipole moment for the series A[ n ] of ynamines. 
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pectra can provide the quantities required for the evaluation of 
v . The procedure for the experimental determination of βv is il- 

ustrated in Castiglioni et al. [56] and it has been adopted for the 

haracterization of the NLO response of several organic molecules. 

he determination of βv can be easily obtained by Quantum 

hemical calculations using the same Eq. (1) which shows that 

arge βv values can be obtained when for the same normal coor- 

inate Q k , both 

∂μ
∂ Q k 

and 

∂α
∂ Q k 

are large. This may happen when the 

olecule displays vibrational transitions that are strong both in IR 

nd Raman. Therefore, the large intensity of the ECC transition ob- 

erved both in the Raman and in the IR spectra of ynamines sug- 

ests potentially large βv values. Table 2 confirms the sizeable val- 

es (computed by DFT methods) of the vibrational and electronic 

rst hyperpolarizabilities of ynamines. 

Our data reported in Table 2 and Fig. 7 , indicate that the or- 

er of magnitude of β is 10 −28 esu, within the typical range of 

rganic molecules designed for NLO applications. We can notice 

hat the vibrational hyperpolarizability ( βv ), calculated for all the 
8 
namines here considered, provides a good estimate of the elec- 

ronic counterpart ( βe ) since the βv values are between 80 and 

0% of βe . Moreover, the electronic and vibrational hyperpolariz- 

bilities increase upon increasing the number of triple bonds in 

he sp carbon chain, as observed in many other π-conjugated sys- 

ems [ 57 , 62 , 75 ]. The strong IR and Raman active ECC mode plays a

emarkable role in determining the large βv values of ynamines. 

s reported in Table 2 , the ECC mode is always responsible for 

ore than 50% of the total βv value. Moreover, the relative impor- 

ance of the contribution of the ECC mode to βv increases with the 

hain length, reaching about 70% for n = 4 triple bonds. This find- 

ng proves that (D) and (A) groups of ynamines interact through 

he π bridge at all chain lengths and the polarization induced by 

he donor-to-acceptor charge transfer involves the whole polyyne 

hain. This interpretation is supported by the fact that the ECC 

ransition is largely dominant both in the IR and in the Raman 

pectra, and the ECC mode involves nuclear displacements over all 

he CC bonds of the sp carbon chain. The leading role of the vi- 
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Table 2 

Vibrational and electronic βμ values (units of 10 −28 esu) for A[ n ], B[ n ], C[n] push-pull polyynes, from DFT calculations. βμ

values, obtained considering the only contribution of the ECC band, are also reported. In the calculation of βv we considered 

only modes with wavenumber above 100 cm-1, according to Refs. [39] and [45] [ 56 , 57 ]. 

A[n] B[n] C[n] D[n] 

[n] = 2 [n] = 3 [n] = 4 [n] = 2 [n] = 3 [n] = 4 [n] = 2 [n] = 3 [n] = 4 [n] = 2 [n] = 3 [n] = 4 

βv 0.632 1.113 1.744 0.698 1.209 1.863 0.614 1.100 1.741 0.574 1.022 1.603 

βe 0.760 1.331 2.055 0.772 1.362 2.110 0.769 1.350 2.089 0.754 1.296 1.976 

βv 
ECC 

0.289 0.567 1.134 0.316 0.611 1.231 0.307 0.594 1.206 0.294 0.564 1.113 

Fig. 7. Left panel: Electronic βμ values (units of 10 −28 esu) for A[ n ], B[ n ], C[ n ] push-pull polyynes from DFT calculations. Right panel: vibrational βμ values (units of 

10 −28 esu) for A[n], B[n], C[n] push-pull polyynes from DFT calculations (solid symbols) and βμ values obtained considering the only contribution of the ECC band (open 

symbols). 
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rational intensities of the ECC mode in βv is even more remark- 

ble considering that in Eq. (1) the large ECC vibrational frequency 

hows up at the denominator and has therefore a damping effect 

n the ECC contributions. 

The reliability of the hyperpolarizability values obtained by DFT 

alculations, which are known to overestimate the effects of π
lectron delocalization, should be carefully considered [13] . The 

imits of DFT calculations in the description of some minor spec- 

roscopic features may suggest that the physical quantities related 

o the π electrons response could be overestimated. To get more 

ndications, we computed the hyperpolarizabilities of ynamines by 

he Hartree-Fock (HF) method (see Tables S1 and S2 in SI), which 

s known to provide a more localized description of π electrons 

han DFT [13] . The vibrational and electronic hyperpolarizabilities 

omputed by HF are lower than those computed by DFT, but they 

re of the same order of magnitude. Moreover, the increase of hy- 

erpolarizability with chain length is less steep in HF calculations 

han in DFT. However, the spectra predicted by HF are poor in the 

escription of the observed spectral pattern of ynamines: HF calcu- 

ations cannot reproduce the distinctive spectroscopic signature of 

uch push-pull polyynes, where the ECC transition dominates both 

aman and IR spectra. This observation, corroborated by the con- 

lusions reached in de Wergifosse and Champagne [63] about the 

eliability of DFT for the calculation of the hyperpolarizability of 

ush-pull polyynes up to 4 triple bonds, convinced us that we can 

e rather confident on the DFT results for these short polyynes. 

his conclusion is further supported by the calculations carried 

ut for the series A[n], reported in SI. Vibrational and electronic 

rst hyperpolarizabilities have been calculated also adopting B3LYP 

FT functional and 6.31G 

∗∗ basis set, following the indication of de 

ergifosse and Champagne [63] : the values obtained show a good 

greement with the same parameters calculated according to the 
s

9 
BE0/cc-pVTZ level of theory, adopted in our whole investigation. 

owever, the results obtained here with DFT methods for extrapo- 

ating the β values of longer chains are not recommended [69] . 

. Conclusions 

We have performed a detailed analysis of the vibrational prop- 

rties of ynamines that represent one of the examples of stable 

ush-pull polyynes. Their polar donor and acceptor endgroups con- 

ected through polyyne bridges generate a strong dipole moment 

long the direction of the sp carbon chain, like other push-pull 

ystems. The intense IR peaks recorded in all ynamines for the 

ollective vibrational mode of the polyyne skeleton (i.e., the ECC 

ode), prove that the π-conjugated carbon chain supports an ef- 

ective charge transfer between the donor (D) and acceptor (A) 

ndgroups. The experimental finding parallels DFT calculations that 

redict both the strong dipole moment and the enhancement of 

he IR signals. Ynamines also show the usual vibrational properties 

f polyynes, such as the shift of the ECC peak, BLA, and HOMO- 

UMO gap as sp chain length increases. As for the push-pull behav- 

or, in the four series of ynamines here investigated, characterized 

y a common acceptor endgroup, the experimental data, and DFT 

alculations confirm the similarity of the various donor groups. The 

R spectra in the region between 800 and 1600 cm 

−1 display inter- 

sting spectral markers of the different donor groups. Finally, the 

ntense Raman and IR activities suggest appealing nonlinear optical 

roperties that may be exploited in the field of optical communica- 

ions and signal processing. Electronic and vibrational hyperpolar- 

zabilities, computed through DFT simulations, support these con- 

lusions, showing β values of the order of magnitude of 10 −28 esu, 

ith an increasing trend with chain length. The data here pre- 

ented indicate that ynamines are attractive push-pull candidates 
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or NLO applications. To this aim, some issues should be consid- 

red. As illustrated in Fig. 3 , the comparison between the IR and 

aman spectra of ynamines in the solid-state shows a mismatch 

f the position of the ECC transitions in the two spectra: this is 

xpected due to the formation of dimers related by inversion sym- 

etry which leads to the mutual exclusion between IR and Raman 

ransitions and implies that each term in Eq. 1 is zero. Hence the 

rystal has a vanishing first hyperpolarizability – both vibrational 

nd electronic – due to the cancellation of the large β values of 

he individual molecules which form pairs in the centrosymmetric 

rystals. This occurrence is very frequent in large dipole molecules, 

hich often pack in the solid-state with antiparallel dipoles. Like 

any other push-pull systems [38] , to profit from the large molec- 

lar β of push-pull ynamines suitable strategies are needed to pre- 

ent centrosymmetric packing. This goal may be reached, e.g. by 

ispersing in polymer matrices the active molecules that can be 

asily poled by strong electric fields, or by suitable functionaliza- 

ion that makes energetically unfavorable the packing motifs pos- 

essing inversion symmetry. 
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