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A series of symmetrically substituted diphenylacetylene (DPA) derivatives possessing 

electron-donating (N,N-dimethylamino or methoxy) or electron-accepting (nitrile, ester or 

aldehyde) character were prepared and studied with respect to their spectral and photophysical 

properties. The photophysical characteristics of these compounds were studied in relation to 

their structures and influence of temperature. The observed spectral and photophysical 

properties are explained with the help of potential energy maps obtained from density 

functional theory (DFT, B3LYP, def2TZVP basis set) calculations. The structure-property 

relationships of all of the compounds are discussed. 

 

 

1. Introduction 

Conjugated organic polymers containing acetylene units have 

been the subject of intense research in the recent past1-3. In 

particular, they have been found to be substitutes for 

conventional materials in electronic or photonic devices4, 

molecular wires5, light emitting diodes6-8, solar cells9-12 and in 

electrogenerated chemiluminescence13-18. Asymmetric 

acetylene derivatives containing polycyclic aromatic or hetero-

aromatic hydrocarbon substituent on one side and phenyl or its 

derivative on the second side show intense fluorescence12-19. 

Likewise, rather rigid, highly conjugated poly(p-

phenylenethynylene)s are strongly fluorescing20-30. 1,2-

diphenylethyne (tolane, DPA) and diphenylbuta-1,3-diyne 

behave quite differently. The photophysics of the two simplest 

aryl derivatives of acetylene and diacetylene were studied both 

experimentally28,31-42 and theoretically43-45. These studies 

mainly concerned DPA, while diphenyldiacetylene was studied 

to a much lesser extent39,42. One of the most interesting 

photophysical properties of DPA is the loss of fluorescence that 

occurs following excitation of higher vibronic levels of the 1B1u 

state under collision-free conditions of a supersonic free jet31. It 

also exhibits a strong temperature dependence of fluorescence 

quantum yield in solution35. The results of theoretical 

calculations made by Zgierski and Lim43,45 indicate that while 

the lowest-energy excited singlet state is the B1u (ππ*) state in 

the linear D2h symmetry, the non-fluorescent πσ* state of Au 

symmetry is the lowest in energy in the bent C2h symmetry. 

This leads to the crossing of the fluorescent ππ* and dark πσ* 

state potential energy curves. The transition from initial excited 

ππ* state to πσ* state requires crossing a small energy barrier, 

which explains the loss of fluorescence in the gas phase at 

higher excitation energies and the thermally activated 

quenching of fluorescence in solution. The calculations also 

predict that the πσ* state of bent geometry can be identified by 

the reduced frequency of the acetylenic C≡C stretch because of 

the reduction in bond order and a strong πσ*←πσ* absorption 

at about 700 nm. The predictions arising from the calculations 

were confirmed experimentally. From picosecond time-

resolved CARS spectroscopy36,38, it was found that the central 

CC stretch frequency in the S1 state is lower than 1600 cm-1 

(1547 cm-1 predicted from theoretical calculations43) indicating 

a marked decrease of the C≡C bond order. Additionally, IR and 

CARS spectra suggested that the S1 state of DPA has a planar 

trans-bent structure with a centre of symmetry38. The presence 

of an absorbance between πσ*←πσ* states at about 700 nm 

was confirmed experimentally32,37,42. The calculations made by 

Zgierski and Lim also predicted that the attachment of an 

electron-withdrawing group to DPA would increase the energy 

of the πσ* state and the ππ*←πσ* state switch would not be 

expected to occur. Moreover, the attachment of an electron-

donating group to DPA enhanced the state switch from an 

initially excited ππ* to πσ* state. Also, these predictions have 

been experimentally confirmed by picosecond transient 

absorption spectroscopy. The transient absorption at about 700 

nm for mono- and di-substituted DPA derivatives containing 

electron-donating groups, as well as a lack of such a transient 

absorption in this range of spectra for derivatives containing 

electron-withdrawing groups37,43,45 have been registered.  

DPA derivatives were mostly studied with an emphasis on 

theoretical calculations and picosecond absorption 

spectroscopy. Because there is not much information about 

fluorescence spectroscopy, here we present results of the 

photophysical studies of symmetrically substituted DPA 

derivatives. The studies include measurements of the absorption 

and emission spectra in solvents of different viscosities at room 
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and liquid nitrogen temperatures to investigate the effects of 

viscosity of the medium on the photophysical properties of the 

studied compounds. Moreover, the rotation energy barriers in 

the ground and excited state were calculated and compared to 

experimental literature data. The potential energy curves of the 

excited state for different bending angles were calculated using 

the DFT method. These data were used to determine the 

influence of the type of the substituent on the possibility of ππ* 

and πσ* state crossing.  

 The structure and atom numbering of compounds studied in 

this paper are presented in Fig. 1. 

 
DPA dDMADPA 

dDBADPA 

dDHADPA 

dCHODPA dCOOMeDPA 

 

dOMeDPA 
dCNDPA 

Fig 1. Structure and numbering of studied compounds. 

2. Materials and methods 

The progress of all reactions was monitored by TLC using Merck 

plates, Kieselgel 60 F254. The products were isolated by means of 

column chromatography (Merck, Kieselgel 60 (0.040-0.063 mm) 

and/or semi-preparative RP-HPLC (Kromasil column, C-8, 5 µm, 

250 mm long, i.d. 20 mm). 

The identification of the product was based on: 1H and 13C NMR 

spectra recorded on a Bruker AVANCE III (500 MHz) spectrometer 

in CDCl3, mass spectra recorded on a Bruker Daltonics (HCTultra) 

instrument and Raman spectra recorded on a FRA-106 instrument 

(details are described in ESI). 

 

2.1 Synthesis 

 

Iodobenzene, 1-iodo-4-methoxybenzene, methyl-4-

iodobenzoate, 4-iodobenzonitrile, 4-((trimethylsilyl)ethynyl)-

benzaldehyde, phenylacetylene, 4-ethynylanisole, 4-ethynyl-

N,N-dimethylaniline, ethynyltrimethylsilane, and bis(triphenyl-

phosphine)palladium(II) dichloride (Sigma Aldrich), 4-bromo-

benzaldehyde (Lancaster), 2-methyl-3-butyn-2-ol (Fluka) and 

N,N-dimethylaniline (P.P.H) were commercially available and 

used without further purification. 

Synthesis of 4-iodo-N,N-dialkylaniline (1a-3a) (Scheme 1 ESI) 

were synthesized according to a procedure described in the 

literature46. 

A general scheme for the synthesis of acetylene derivatives is 

shown in Scheme 2 ESI. Protected acetylene derivatives (2b, 

3b, 7b, 8b) and symmetrically substituted acetylene derivatives 

(4,4'-(ethyne-1,2-diyl)bis(N,N-dimethylaniline) (dDMADPA), 

4,4'-(ethyne-1,2-diyl)bis(N,N-dibutylaniline) (dDBADPA), 

4,4'-(ethyne-1,2-diyl)bis(N,N-dihexylaniline) (dDHADPA), 

1,2-bis(4-methoxyphenyl)ethyne (dOMeDPA), DPA, 4,4'-

(ethyne-1,2-diyl)dibenzaldehyde (dCHODPA), dimethyl 4,4'-

(ethyne-1,2-diyl)dibenzoate (dCOOMeDPA), 4,4'-(ethyne-1,2-

diyl)dibenzonitrile (dCNDPA)) were prepared based on the 

Sonogashira method47,48 - coupling the respective 

halogenoarenes with appropriate terminal ethynyl derivatives 

(procedure A or B, Scheme 2 ESI). 

The removal of the trimetylsilane group (TMS) (6c-7c) was 

made as described in the literature49 (procedure C), while 

removal of the - 2-hydroxy-2-methylpropyl group (2c-3c, 8c) 

was also described in the literature50,51 (procedure D) (Scheme 2 

ESI) (for details see ESI).  

 

2.2 Spectroscopy and fluorescence measurements 

 

Absorption spectra were measured using a Perkin-Elmer 

Lambda-40P spectrophotometer whereas fluorescence spectra 

were measured using a FluoroMax-4 (Horriba Yobin-Yvon) 

spectrofluorimeter. Low temperature luminescence spectra 

were obtained using an FL-1013 liquid nitrogen dewar 

assembly. 

Fluorescence quantum yields were calculated with: 2-

aminopiridine in 0.1 M H2SO4 (QY=0.60) (for dOMeDPA, 

DPA, dCOOMeDPA) and quinine sulphate in 0.5 M H2SO4 

(QY=0.53±0.02) (for dDMADPA, dDBADPA, dDHADPA, 

dCHODPA, dCNDPA) as reference and were corrected for the 

different refractive indices of solvents. 

The fluorescence lifetimes were measured with a time-

correlated single-photon counting FT300 PicoQuant 

fluorescence lifetime spectrometer using subnanosecond pulsed 

diodes: PLS-320 (for DPA, dCHODPA, dCOOMeDPA, 

dCNDPA) or PLS-340 (for dDMADPA, dDBADPA, 

dDHADPA). 

 

2.3 Theoretical calculations 

 

All calculations were performed using density functional theory 

(DFT) within the Turbomole v. 6.4 suite programs on a PC 

cluster. The structures of all compounds were prepared and 

initially optimized using the TmoleX program. Energy-

minimized structures were located for the ground and the 

lowest excited states using a B3-LYP hybrid functional with 

def2-TZVP basis set of triple-ζ quality. This procedure was 

considered satisfactory if the energy difference between 

optimized cycles was <1*10−6 Hartree for ground state structure 

optimization and <1*10−7 Hartree for excited state structure 

optimization. In both states, a gradient of <1*10−3 au was 

achieved. The low-lying excited states were treated within the 

adiabatic approximation of time-dependent density functional 

theory using a B3-LYP function. The geometry optimization of 

the excited state was performed using a grid parameter equal to 

4. The convergence of all studied systems was checked by 
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harmonic vibrational analysis. No imaginary frequencies were 

observed. The rotation energy barriers in the ground and the 

excited states were calculated by imposing constraints on the 

dihedral angle formed by the phenyl rings and optimizing the 

energy of the remaining part of the molecule. In a similar way, 

the energy of the bent conformation of the molecule in the 

excited state was calculated by imposing constraints on the one 

CPh-C≡C angle and optimizing the remaining part of the 

molecule under Cs symmetry. A minimum in the potential-

energy profiles denotes the energy of the molecule with fully 

optimized geometry in both ππ* or σπ* states. For a low 

deformation angle, the calculations were performed in two 

ways. In the first method, only one CPh-C≡C angle was changed 

with constraint to generate energy profiles along this angle and 

the other one remained unchanged (180 degrees). This method 

led to the ππ* state (“scorpion-like” structure) (Figs 29 and 32 

ESI). In the second approach, two CPh-C≡C angles were 

changed at the same time, but constraints were applied only to 

the one angle whereas the second angle was left free to change 

during geometry optimization. This led to a planar σπ* 

(stilbene-type structure) (Figs 30 and 33 ESI). Hence, some 

differences in the potential energy curve are visible for small 

deformations of the CPh-C≡C angle from 180 degrees. 

 

3. Results and discussion 
 

3.1 Absorption spectra 

 

Absorption spectra of the studied compounds were measured in 

non-polar solvents with different viscosities (cyclohexane, 

methylcyclohexane (MeCx), hexane, hexadecane), weakly 

polar 2-methyltetrahydrofurane (MeTHF) and polar acetonitrile 

(MeCN). Absorption spectra in MeCx are presented in Fig. 2 

and for MeTHF and MeCN in Figs 1-2 ESI. The structure of 

the absorption spectrum of DPA32,35,39, as well as 

dDMADPA28,53 are in agreement with literature data. The 

absorption spectra of dDBADPA and dDHADPA are the same 

as the spectrum of dDMADPA. All discussion of the 

dDMADPA spectra also refers to these two derivatives. For 

DPA derivatives, the substituents in positions 4 and 4` of the 

phenyl ring cause a red shift in the absorption spectrum 

compared to the parent compound. The greatest shift is 

observed for the di-N,N-dimethyl (DMA) substituent (λ=345.5 

nm) compared to DPA (λ=298 nm). The first vibronic lines of 

the long-wave absorption band are summarized in Table 1.  

 

Table 1. The position of the long wavelength vibronic band and main 

vibrational mode of 4,4`-phenylacetylene derivatives in MeCx. 

Substituent of di-phenytlacetylene derivative λ /nm νCC / cm-1 

-H 298 2080 

-OMe 312.5 2043 

-CN 321.5 2063 

-COOMe 325 2012 

-CHO 337 2002 

-DMA 345.5 1968 

 

For all studied molecules, the single progression of the most 
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Fig 2. Normalized absorption spectra of symmetrically substituted 

diphenylacetylene derivatives in MeCx. 
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Fig 3. Normalized fluorescence spectra of symmetrically substituted 

diphenylacetylene derivatives in MeCx. 
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vibronic structure of about 2000-2100 cm-1 is displayed from 

the origin that has been assigned to the C≡C stretching mode39. 

Moreover, other vibronic bands (about 1000 cm-1) are visible in 

the absorption spectrum, which may be attributed to the total 

symmetric vibrations of the phenyl ring39. Both progressions 

are clearly visible for all the studied derivatives, however, for 

dCHODPA and dDMADPA they are broadened. Absorption 

spectra measured in hexane, cyclohexane and hexadecane are 

very similar to spectra measured in MeCx and are not presented 

here. The polarity of the solvent has practically a minor 

influence on the position of the absorption spectrum. Changing 

a solvent from non-polar MeCx to more polar MeTHF, did not 

cause significant changes in the shape of the long-wavelength 

absorption band (Table 1, ESI). However, in polar acetonitrile, 

the shape of the absorption band of dCHODPA and 

dDMADPA undergoes slight changes due to a loss of vibronic 

structure associated with the vibration of the phenyl ring, in 

agreement with data published by Rosspeinter et al.28 and 

Onitsch et al.53 (Fig. 2 ESI). Additionally, in acetonitrile, a 

small blue-shift absorption spectra are observed, except for 

dDMADPA, whose spectrum is slightly shifted to the red 

(Table 1, ESI). 

 

3.2 Room temperature fluorescence 

 

Fluorescence spectra of DPA derivatives in MeCx are presented 

in Fig. 3. The fluorescence spectrum of DPA (tolane) is in 

accordance with previously published data32,35,39. In all 

presented fluorescence spectra, a progression of the frequency 

at about 2100 cm-1 is displayed from the origin and vibronic 

band with about 1100 cm-1, which may be assigned to the 

vibration of phenyl rings. The substituents do not change the 

shape of the emission spectra, however, a red shift is observed 

in comparison to the DPA spectrum. The lowest energy 

vibronic band in MeCx is located at 304 nm for DPA, 316.5 nm 

for dOMeDPA, 326 nm for dCNDPA, 330 nm for 

dCOOMeDPA and 352 nm for dDMADPA28,53. All DPA 

derivatives in non-polar or weakly polar solvents possess 

characteristic emission band shapes that are not a mirror 

symmetry of the absorption spectrum. Such phenomena occurs 

also for the arylethynyl derivatives of DMA12,19, as well as for 

phenylene ethynylene oligomers22,25,26,28,54, and have been 

explained in terms of torsional disorder and quadratic coupling 

between the ground and the first excited state55 or the exciton 

model developed by Liu et al.56,57.  

The polarity of the solvents used in the study had little effect on 

the position of the emission spectra of the studied compounds. 

The first vibration band changes its position by about 2 nm 

going from non-polar MeCx to polar MeCN - regardless of the 

type of substituent on the phenyl ring. The exception is 

dDMADPA, which shows a clear solvatochromic effect28. For 

this derivative, the first emission band moves to 359.5 nm and 

367.5 nm in MeTHF and acetonitrile, respectively (Table 2, 

ESI). The polarity of the solvent has a greater impact on the 

fluorescence band shape, especially for dOMeDPA, 

dCOOMeDPA and dDMADPA, for which the vibronic 

structure of the emission spectrum becomes broader with 

increasing solvent polarity (Figs 3 and 4, ESI). 

The fluorescence quantum yields of DPA derivatives are 

gathered in Table 3 ESI. dCHODPA is not fluorescent at all. 

Among the studied compounds, the derivatives containing the 

electron-accepting group (nitrile or ester) are characterized with 

the greatest fluorescence quantum yield of about 30%, while 

those containing an electron-donating group (methoxy or N,N-

dialkylamino) are weakly fluorescent. Their fluorescence 

quantum yields are comparable to, or a little higher than, the 

fluorescence quantum yield of DPA35 and for dDMADPA it is 

comparable to the data published by Rosspeintner et al.28. The 

elongation of the alkyl substituent on the nitrogen atoms of 

amino derivatives of diphenylacetylene (dDBADPA, 

dDHADPA), does not increase the fluorescence quantum yield, 

for which the values are comparable to dDMADPA. The 

fluorescence quantum yields of dDHADPA measured by 

ourselves are one order lower than those published by Liu et 

al.58. Fluorescence quantum yields were also measured in other 

solvents with different viscosities (cyclohexane, hexane and 

hexadecane) and are gathered in Table 3 ESI. Slightly higher 

fluorescence quantum yields were measured in hexadecane 

(viscosity 3.04 mPa*s), in comparison to hexane (viscosity 

0.292 mPa*s), however, the differences in fluorescence 

quantum yields is in the range of experimental error. Thus, it is 

not possible to unambiguously come to a conclusion regarding 

the influence of viscosity of solvent on the fluorescence 

quantum yield. It seems, that the partial inhibition of the mutual 

rotation of the phenyl rings by elongation of substituents on the 

nitrogen atom or increase of solvent viscosity does not affect 

the photophysical processes, indicating a low energy barrier of 

phenyl ring rotation. Thus, the studied compounds cannot be 

used as viscosity probes59. 

 A certain explanation for the low fluorescence quantum 

yield of derivatives with electron-donating groups, in 

comparison with those possessing electron-withdrawing groups, 

can be drawn by analysing the fluorescence excitation and 

absorption spectra. The fluorescence excitation spectra of 

dCOOMeDPA (Fig. 4, Figs 5,6, ESI) or dCNDPA (Figs 9-11, 

ESI) in all studied solvents superimposed on one another, 

whereas for dOMeDPA (Fig. 5, Figs 7,8, ESI) a substantial 

difference between them can be seen. Fluorescence excitation 

spectrum of the dOMeDPA derivative exhibits a very clear 

decrease in the intensity for wavelengths shorter than 310 nm 

excitation in all studied solvents (Fig. 5 and Figs 7,8 ESI), 

similarly to that observed for DPA in hexane solution32. The 

differences between the absorption and fluorescence excitation 

spectrum are also present for dDMADPA (Figs 12-14, ESI), 

although much less pronounced than that for dOMeDPA.  

The sudden collapse of the fluorescence excitation spectrum, 

would be the consequence of extra nonradiative processes 

connected with the thermal deactivation of S1 (11B1u) state to 

the 11Au state with σπ* character, which becomes the lowest 

excited singlet state34,35,43-45. Probably this is the reason for low 

values of fluorescence quantum yield of derivatives containing 

electron-donating substituents compared to the derivatives with 

electron-withdrawing ones. Because of the low values of 

fluorescence quantum yield of dOMeDPA, fluorescence 

lifetimes were measured only for dCNDPA, dCOOMeDPA and 

dDMADPA derivatives (Table 4 ESI). For these derivatives, 

the fluorescence intensity decay is mono-exponential in all 

studied solvents, except for dDMADPA. The fluorescence 

lifetimes of dCNDPA and dCOOMeDPA are very similar and 

are in the range of 640 to 700 ps (Table 4 ESI). These values 

are comparable to the fluorescence lifetime of DPA (0.6 ns) 

measured in MeCx at 77 K by Nagano et al.39, as well as of the 

fluorescence lifetime of mono-substituted CNDPA and 

COOMeDPA for which the fluorescence intensity shows a 

single exponential decay with a lifetime of several hundred 

picoseconds60. Moreover, both the fluorescence quantum yield 

and fluorescence decay time of dCNDPA measured by 
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ourselves are smaller than those estimated by Hirata et al.61 

(υ≈0.5, τ≈1.1 ns). 
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The fluorescence intensity decay of dDMADPA is bi-

exponential with very short (tens of picosecond) and longer 

(sub-nanosecond) lifetimes (Table 4 ESI). It should be noted, 

due to the relatively large half-width of our excitation pulse, 

that the short decay time is poorly defined. A bi-exponential 

fluorescence intensity decay with one very short (a few 

picoseconds) and one longer (hundreds of picoseconds) 

component was also determined by Hirata et al.62 for mono-

substituted aminophenyl-phenylacetylene in hexane at room 

temperature. 

 

3.3 Luminescence at 77 K 

 

Low temperature (at 77 K) luminescence and excitation spectra 

of the studied compounds were measured in two solvents 

(MeCx and MeTHF) and compared with fluorescence spectra 

measured at room temperature. The emission spectra of 

dOMeDPA and dCNDPA in MeCx are presented in Figs 6 and 

7, respectively, whereas the spectra for the remaining 

compounds are given in Figs 15-22, ESI. In contrast to the 

room temperature results, almost mirror symmetric images 

between the fluorescence and fluorescence excitation spectra 

are recognizalbe at 77 K. This indicates a hindered ring torsion 

angle in the MeCx and MeTHF organic glass. For all the 

studied compounds, the fluorescence intensity is much more 

intense than phosphoresence indicating a low intersystem 

crossing rate constant. For DPA, both the fluorescence 

excitation and emission spectra, as well as the phosphorescence 

spectrum, are the same as published by Nagano et al.39. In 

MeTHF, the glass spectra are not different to those measured in 

MeCx glass, except for the phosphorescence intensity, which is 

higher in MeTHF than in MeCx for all the studied compounds, 

although it is not clearly visible for all of the compounds. For 

DPA, a large difference in the fluorescence intensities 

measured at 77K and at room temperature is observed (Fig 

21,22, ESI). This is consistent with the results published by 

Ferrante et al.35 who measured the fluorescence quantum yield 

as 0.5 and 3.36*10-3 in a 3-methylpentane at 77 K and at room 

temperature, respectively. Similarly to DPA, also for 

dOMeDPA (Fig. 6, Fig. 15, ESI), a substantial increase of 

fluorescence intensity at 77 K, compared to room temperature, 

is recorded in both solvents. A significant increase of 

fluorescence intensity, although smaller than for DPA and 

dOMeDPA, was observed for dDMADPA with, only very weak 

phosphorescence (Figs 17,18, ESI), whereas for dCNDPA (Figs 

7, 16 ESI) and dCOOMeDPA (Figs 19, 20, ESI) the lowest 

increase of fluorescence intensity with decreasing temperature 

is observed. For dCHODPA, which is not fluorescent in liquid 

solution, only a very weak phosphorescence at about 500 nm is 

observed (data not shown). The results presented above indicate 

a substantial influence of the type of substituents and  

temperature on the photophysical properties of DPA 

derivatives. A substantial increase of fluorescence intensity at 

77 K of DPA and its derivatives possessing electron-donating 

substituents indicate the exclusion of a non-radiative transition 

associated with the transition to the dark σπ* state in the rigid 

environment. However, for dCOOMeDPA and dCNDPA, the 

lack of substantial changes of fluorescence intensity with 

decreasing temperature demonstrates that such a transition is 

already excluded at room temperature. Thus, the temperature 

dependence of fluorescence intensity in an elegant way 

confirms, the results obtained from transient absorption 

spectroscopy and theoretical calculations, that the σπ* state is 

the lowest excited state for DPA and its derivatives with an 

electron-donating substituent while it is the ππ* state for 

derivatives with an electron-withdrawing substituent37,43,45,60-62. 

Fig 4. Absorption (black solid line) and fluorescence 

excitation  spectrum (red dashed line) of dCOOMeDPA in 

MeCX 

 

Fig 5. Absorption (black solid line) and fluorescence excitation 

spectrum (red dashed line) of dOMeDPA in MeCX. 
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Fig. 6. The luminescence spectrum (black line), fluorescence 

excitation spectrum (red line) at 77 K and room temperature 

fluorescence spectrum (blue line) of dOMeDPA in 

methylcyclohexane. 
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Fig. 7. The luminescence spectrum (black line), fluorescence 

excitation spectrum (red line) at 77 K and room temperature 

fluorescence spectrum (blue line) of dCNDPA in 

methylcyclohexane. 

 

3.4 Theoretical calculations 

 

The optimized geometry was found to be planar with D2h 

symmetry in both, the ground and excited states. The triple-

bond length of the optimized DPA structure in the ground state 

(1.209 Å) was comparable to that computed by others (1.216 

Å)39 (1.22 Å)43 (1.200 Å)35 and determined from a 

crystallographic structure (1.206 Å)40. The type of substituent 

has a minor influence on the triple-bond length, which slightly 

shortens with an increase in the electron-withdrawing strength 

of the substituent (Table 5 ESI). The lack of mirror symmetry 

between the absorption and emission spectra in liquid solution 

indicates a low energy barrier of rotation of DPA and its 

derivatives in the ground state. To understand the influence of 

substituents in the phenyl ring on torsional motions, we studied 

the torsional potential in both the ground and excited states 

within the framework of the local mode approximation using a 

DFT method. Fig. 23, ESI presents DFT-based torsional 

potentials for dOMeDPA in the ground and excited states. As 

the torsional potentials for the remaining compounds have the 

same shape, they are not presented. The torsional potential in 

the ground state is well approximated by a simple periodic 

potential of the form:   

  (1) 

where: Vmax is the barrier height of the torsional potential and θ 

is the ring-to-ring torsional angle. The barrier heights of the 

torsional potential calculated using the above equation, for all 

the studied compounds, are gathered in Table 6, ESI. The 

energy barriers of rotation in the ground state are in the range 

3.6 kJmol-1 for dOMeDPA to 4.5 kJmol-1 for dCHODPA. For 

DPA, the barrier energy of rotation (3.8 kJmol-1) is comparable 

to the value (3.3 kJmol-1) calculated by Li et al.41. However, the 

experimentally determined energy barrier is lower than the 

theoretically calculated value for DPA (2.5 kJmol-1)31,54. For 

compounds possessing electron-donating substituents, the 

energy barriers of rotation in the ground state are a little lower 

than those for electron-withdrawing substituents. The rate 

constant of the conversion through the energy barrier during the 

rotation can be calculated on the basis of transition-state theory 

using the equation: 

  (2) 

where: k is the Boltzmann constant, T is the absolute 

temperature, h is Planck`s constant, R is the gas constant, ΔS is 

the entropy change, and ΔEa is the energy of activation. It is 

difficult to assign a value to the transmission coefficient, κ, 

which incorporates all correction factors and uncertainties. We 

chose, κ=0.4 as for ring inversion63 and ΔS=0 and for these 

values the rate constant and rotamer lifetime were calculated. 

At room temperature, and for the energy barrier of rotation 

equal to 4 kJmol-1
, the rate constant of rotation is 1.35*1012 s-1, 

which gives the rotamer lifetime equal τ=1/k=740 fs, which is 

tantamount with the free rotation in the ground state (RT≈2.5 

kJmol-1). Although DFT gives overestimated values to the 

energy barrier of rotation64, the results show a slight influence 

of the type of substituent on the value of the rotation barrier in 

the ground state. A simple periodic potential (eq. 1) poorly 

describes the torsional potential in the excited state, which 

however, can be approximated using the Gauss function (Fig. 

23, ESI). The energy barrier of rotation in the excited state is 

about one order higher than in the ground state indicating a 

hampered phenyl ring rotation in the excited state, which is 

attributed to the breaking of the cylindrical structure of the 

electron density along the axis of symmetry54. The energy 

barriers of rotation in the excited state (Table 7, ESI), are in the 

range of 30 kJmol-1 for DPA to 36.6 kJmol-1 for dOMeDPA and 

similar to that of 1,4-bis(phenylethynyl)benzene64. Moreover, 

there is no correlation of the type of substituent and height of 

energy barrier of rotation. For an energy barrier equal to 30 

kJmol-1, the calculated rate constant of rotation is  

k=3.76*107 s-1 and the rotamer lifetime is τ=26.6 ns while for 

ΔE=36.6 kJmol-1, k=2.62*106 s-1 and the rotamer lifetime is 

τ=382 ns. Thus, during the fluorescence lifetime of DPA 

derivatives, which are about 0.6 ns, no rotation will take place 

in the excited state. It is worth noting that for the dCHODPA 

derivative, the energy barrier of rotation is about half lower 

(12.7 kJmol-1) than for the other studied derivatives and the 

torsional potential in the excited state can be well described 

using eq. 1. The calculated rate constant of rotation for 

dCHODPA is k=4.03*1010 s-1 and τ=24.8 ps. This indicates a 

fairly free rotation of the phenyl ring in the excited state. 

However, as in the case of the ground state, the energy barrier 

of rotation in the excited state seems to be overestimated. In the 

ππ* excited state, the height of the rotation barrier for DPA 
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(19.1 kJmol-1) estimated by Okuyama et al.31 from fluorescence 

jet spectroscopy is substantially lower than that calculated by 

ourselves (29.8 kJmol-1) using the DFT method. Taking into 

account experimentally determined value of rotation energy 

barrier (19.1 kJmol-1), the DPA rotamer lifetime in the excited 

state is equal to 316 ps, and therefore comparable to the 

fluorescence lifetime. Thus, rotation in the excited state may 

provide an additional radiationless channel for excited state 

deactivation. However, it does not explain the difference in the 

fluorescence quantum yield between the symmetrical 

derivatives of DPA containing electron-donating or electron-

withdrawing substituents.  

As suggested by Zgierski et al.43,45, the loss of fluorescence in 

jet-cooled DPA that occurs at an excitation energy slightly 

above the electronic origin of the fluorescent ππ* state, and 

other unusual photophysical properties of DPA, could be 

explained by the crossings of the ππ* and dark σπ* state that 

arise from the promotion of an electron from the phenyl π 

orbital to the σ* localized in the acetylene unit. From an 

analysis of the orbital energies, calculated for the optimized 

ground state geometry, for mono-substituted DPA derivatives 

containing electron-withdrawing substituents (nitrile or methyl 

ester), the authors concluded that the presence of an electron-

withdrawing substituent leads to an increase in the energy of 

the σπ* state and shift in the intersection of the ππ*/σπ* states 

to higher energy, causing the state switch from linear ππ* to 

bent σπ* to be highly ineffective. For derivatives containing 

electron-donating substituents (dOMeDPA, dDMADPA), the 

opposite effect was obtained. The calculations also predict the 

occurrence of a strongly allowed absorption from the lowest 

energy σπ* state to a higher lying σπ* state for electron-

donating derivatives and the lack of such an absorption for 

electron-withdrawing derivatives. That conclusion explains the 

long-wavelength absorption (700 nm and above) recorded by 

femto- and picosecond transient absorption spectroscopy for 

mono-substituted43 and di-substituted37,61 derivatives of DPA.  

The potential-energy profiles of low-lying electronic states as a 

function of bent (CPh-C≡C) angle for DPA and its symmetrical 

derivatives were studied using  the DFT/B3LYP/def2TZVP 

method in order to estimate the influence of the character of 

substituents on the energy of low lying excited states. For all 

studied derivatives, the planar structure with linear geometry 

(CPh-C≡C angle 180 degrees) is most stable with a C≡C bond 

length about 1.24 Å - a little longer than in the ground state 

(1.21 Å). Moreover, the CPh-C bond length is about 1.38 Å 

(Table 5 ESI). The potential-energy profiles for DPA 

derivatives containing electron-donating (dOMeDPA) or 

electron-accepting (dCNDPA) substituents are presented in 

Figs 8 and 9, respectively, and in Figs 24-27, ESI for the other 

studied compounds.  

The energy barrier (∆E) and bent angle for the σπ*/ππ* state 

crossing, energy of stabilization (∆Estab) for fully optimized 

structure in σπ* and ππ* states and values of bent angle of 

lowest energy structure in the appropriate state are gathered in 

Table 2. 

 

110 120 130 140 150 160 170 180

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

E=21.5 kJ/mol




 

 
*


E

 /
k
J
/m

o
l

bond angle /degrees






E=-2.6 kJ/mol

E=-34.6 kJ/mol

E=15.0 kJ/mol

 
Fig. 8. The potential-energy profiles as a function of CPh-C≡C 

bending angle for dOMeDPA - DPA derivative containing an 

electron-donating substituent. 
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Fig. 9. The potential-energy profiles as a function of CPh-C≡C 

bending angle for dCNDPA - DPA derivative containing an 

electron-accepting substituent. 

 

 

Table 2. The energy barrier (∆E) and bent angle for the σπ*/ππ* state 

crossing, energy of stabilization (∆Estab) for fully optimized structure 

in σπ* and ππ* states and values of bent angle of lowest energy 

structure in the appropriate state. 

 

Derivative  

of DPA 

Energy 

barrier 

(ΔE) of 

 σπ*/ππ* 

state 

crossing 

/ Jmol-1 

Bent 

angle for 

σπ*/ππ* 

state 

crossing 

/ degree 

Energy 

stabilization 

(ΔEstab) of 

σπ* state 

/kJmol-1 

Bent 

angle for 

lowest 

energy 

structure 

in σπ* 

state 

ΔEstab 

of ππ* 

kJmol-

1 

Bent 

angle for 

lowest 

energy 

structure 

in ππ* 

state 

DPA 14.65 155.0 -21.5 127.5 -5.04 128.8 

dOMeDPA 15.0 158.5 -34.6 126.7 -2.60 127.0 

dDMADPA 27.4 157.5 -23.5 126.7 2.46 126.9 

dCNDPA 31.3 140.0 19.8 126.7 16.5 131.4 

dCOOMeDPA 35.0 140.0 24.3 126.6 18.4 131.8 

dCHODPA 44.5 138.0 36.0 126.5 - - 
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The results presented above fully support the conclusions 

drawn from transient absorption spectroscopy for mono-

substituted, as well as for symmetrically substituted, DPA 

derivatives. For DPA, the dOMeDPA and dDMADPA σπ* 

state is the lowest excited state whereas the ππ* state is the 

lowest excited state for dCNDPA and dCOOMeDPA. Taking 

the energy of the fully optimized planar linear structures in the 

excited state as references, the σπ* energy stabilization is about 

-21.5 kJmol-1 for DPA, -23.5 kJmol-1 for dDMADPA and -34.6 

kJmol-1 for dOMeDPA (Table 2). For electron-withdrawing 

derivatives, the linear planar structure has the lowest energy. 

The σπ* state is destabilized and the energy of destabilization is 

equal to 19.8 kJmol-1 for dCNDPA, 24.3 kJmol-1 for 

dCOOMeDPA and 36 kJmol-1 for dCHODPA. The bent CPh-

C≡C angle for the lowest energy structure in the σπ* state is 

approximately the same for all studied derivatives and equal to 

127 degrees. The bond length between the C2 and C3 atoms 

(acetylenic unit) is in the range 1.34 to 1.35 Å, while between 

the aromatic carbon and acetylenic unit it is 1.42 Å (Table 5 

ESI). For electron donating substituents, the energy of the fully 

optimized “scorpion-like” structure in the ππ* state is lower 

than that of the linear planar structure. The energy of 

stabilization is -5.04 kJmol-1 for DPA and -2.60 kJmol-1 for 

dOMeDPA. However, the “scorpion-like” structure of 

dDMADPA, has a higher energy (ΔEstab=2.46 kJmol-1) than the 

planar linear structure. For derivatives containing electron-

withdrawing substituents, the planar linear structure is the most 

stable one. The energy of destabilization for the bent structure 

of dCNDPA and dCOOMeDPA in the ππ* state is equal to 16.5 

kJmol-1 and 18.4 kJmol-1, respectively. Additionally, for the 

two last-mentioned compounds, the bent ππ* state has a lower 

energy than the bent planar structure in the σπ* state. The 

energy gap between the ππ* and σπ* bent states are rather low 

(6 kJmol-1 for dCOOMeDPA and 3.3 kJmol-1 for dCNDPA). 

Surprisingly, the aldehyde derivative of DPA does not show 

any additional minima on the potential energy curve for the ππ* 

state (Fig 27, ESI=. The “Scorpion-like” structures in the ππ* 

states are characterized by shorter triple bonds than linear ones 

(Table 5 ESI). The accurate determination of the intersection of 

the σπ* and ππ* states is difficult due to the approximations of 

the potential energy curve by the second order polynomial 

function because of the limited number of points. The lowest 

energy barrier for state-crossing was obtained for DPA and 

dOMeDPA (about 15 kJmol-1) and for dDMADPA (27 kJmol-

1). The highest values were obtained for electron-withdrawing 

derivatives, 31.3 kJmol-1, 35 kJmol-1 and 44.5 kJmol-1 for 

dCNDPA, dCOOMeDPA and dCHODPA, respectively. 

Moreover, the lowest value of CPh-C≡C angle deformation from 

the linear structure required to achieve the σπ*/ππ* states 

intersection is obtained for DPA and its electron-donating 

derivatives (from 155 degrees for DPA to 158.5 degrees for 

dOMeDPA) and highest for electron-withdrawing derivatives 

(about 140 degrees) (Table 2), which is consistent with the 

suggestion of Zgierski et al.43,45. The calculated value of the 

barrier of state crossing for DPA (14.65 kJmol-1 which 

corresponds to 1225 cm-1) is lower than that theoretically 

calculated by Zgierski et al.43 (0.29 eV; 2339 cm-1), and higher 

than that resulting from the jet-cooling fluorescence data (750 

cm-1)31,34 or temperature dependence of transient absorption 

spectroscopy in the condensed phase (940 cm-1 in 

methylcyclohexane)32. However, it is close to the value 

obtained from the temperature dependence of fluorescence 

quantum yield in 3-methylpentane (14 kJmol-1)35. A similar 

value for the energy barrier of states intercrossing was obtained 

for dOMeDPA (15 kJmol-1; 1225 cm-1), which is comparable to 

the 830 cm-1 obtained from the temperature dependence of 

transient absorption spectroscopy in non-polar solvents61. The 

energy barrier of the states crossing can be estimated from the 

comparison of the absorption and fluorescence excitation 

spectra. The increase of excess of excitation energy above the 

0-0 band causes the decrease of fluorescence yield for both 

DPA32 and dOMeDPA (Fig. 5). For dDMADPA, the energy 

barrier of states crossing is about two times higher than that for 

DPA and dOMeDPA (27.4 kJmol-1; 2290 cm-1), however, the 

lack of additional experimental data does not allow for the 

verification of this value. Comparing the excitation 

fluorescence spectrum with the absorption spectrum of 

dDMADPA, it is difficult to see a significant decrease of 

fluorescence intensity with the excess of excitation energy (Figs 

17,18, ESI), which may indicate a rather high energy barrier. 

For the mono-substituted amino-DPA, the energy activation of 

states intercrossing was estimated to be 600 cm-1 in hexane 

solution62. For the DPA derivatives containing electron-

withdrawing substituents, the intercrossing of the σπ*/ππ* 

states energy barrier is much higher, higher than the energy of 

transitions between the linear and bent structures of the ππ* 

states (Figs 8, 24, ESI). For these derivatives, the fluorescence 

quantum yield is high (except for dCHODPA) and, the 

fluorescence excitation spectrum coincides with the absorption 

spectrum. Moreover, the transient absorption spectra lack the 

long-wavelength transition corresponding to the transition 

σπ*←σπ*60. Thus, they do not show any anomalous dynamic 

behaviour but act as typical aromatic compounds. 

4. Conclusions 

Diphenylacetylene (DPA) and its symmetrically substituted 

derivatives containing electron-donating (N,N-dimethyl, 

methoxy) or electron-accepting (nitrile, ester or aldehyde) 

substituents were studied using spectroscopic and theoretical 

methods. It was found that substituents do not change the 

structure of the absorption and fluorescence spectra compared 

to that of DPA. However, substituents shift both the absorption 

and fluorescence spectra toward the longer-wavelengths. For 

electron-donating derivatives, blurred vibronic structures are 

observed. Based on the emission spectra measured at room and 

liquid nitrogen temperature, it can be stated that for derivatives 

of DPA containing electron-donating substituents that the 

fluorescence intensity strongly depends on temperature in 

contrast to derivatives possessing electron-accepting 

substituents. Theoretical calculations show that the energy 

barrier of rotation in the ground state is low while it 

substantially increases in the excited state. These results explain 

the lack of symmetry between the excitation and the absorption 

spectra measured at room temperature and symmetry of the 

spectra in organic glass. Furthermore, calculations showed, that 

the lowest excited state for DPA and its symmetrical 

derivatives containing amino or methoxy substituents is the σπ* 

state, whereas for nitrile, ester or aldehyde derivative it is the 

ππ* state - in agreement with the suggestion of Zgierski et 

al.43,45 for mono-substituted DPA derivatives. Thus, the results 

obtained from fluorescence spectroscopy are fully consistent 

with the conclusions drawn from femto- and picosecond 

transient absorption spectroscopy of mono- and di-substituted 

DPA derivatives.  
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