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The UV absorbance spectrum of the important chromophore diphenylacetylene (tolan) is 
investigated by Synchrotron Radiation Linear Dichroism (SRLD) spectroscopy using 
stretched polyethylene as an anisotropic solvent. The investigation covers the range of
58,000-28,000 cm–1 (172-360 nm). The observed linear dichroism provides information on 
the transition moment directions of the four main absorbance bands A, B, C, and D at 33,300, 
44,400, 51,000, and 57,000 cm-1 (300, 225, 196, and 175 nm). The experimental 
wavenumbers, intensities, and polarization directions are compared with the results of 
quantum chemical calculations using the semiempirical all-valence-electrons method Linear 
Combination of Orthogonalized Atomic Orbitals (LCOAO) and Time-Dependent Density 
Functional Theory (TD-DFT) with the functional CAM-B3LYP. Magnetic Circular Dichroism 
(MCD) B-terms predicted with LCOAO suggest that a number of optically weak transitions 
may be observed by MCD spectroscopy. 

MCD B-terms
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Polarization spectroscopy
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1. Introduction

Diphenylacetylene (tolan, DPA, Scheme 1) is a prototype of 
the oligo phenylene-ethynylene (OPE) systems which are of 
great interest in the fields of molecular wires and other 
molecular-based electronic devices [1-4]. The photophysical, 
photochemical, and spectroscopic properties of DPA have been 
studied for decades; for entries in the literature, see references
[5-14]. We have previously studied the excited electronic states 
of the related compounds diphenyldiacetylene (DPDA) [15] and 
1,4-bis(phenylethynyl)benzene (BPEB) [16] (Scheme 1). In the 
present publication, we report the results of a similar study of 
DPA, investigating the ground state absorbance spectrum by UV 
Synchrotron Radiation Linear Dichroism (SRLD) spectroscopy 
on molecular samples partially aligned in stretched poly-
ethylene (PE). The measured LD provides information on the 
polarization directions of the observed transitions [17-22], and 
with synchrotron radiation [23,24] the investigated spectral 
range can be extended to about 58,000 cm-1 (172 nm).

The observed energies, intensities, and polarizations are 
compared with the results of theoretical calculations using the 
Linear Combination of Orthogonalized Atomic Orbitals 

(LCOAO) model [25,26] and Time-Dependent Density 
Functional Theory (TD-DFT) [27-29] with the functional CAM-
B3LYP [30]. The semiempirical all-valence-electrons LCOAO 
procedure was specifically developed for the prediction of the 
electronic absorption and Magnetic Circular Dichroism (MCD) 
spectra [31] of conjugated hydrocarbons [25,26] and has been 
applied to several -systems with triple-bonded linkages [16,
26,32,33]. Additional data provided as Electronic supple-
mentary information (ESI) is referred to in the ensuing text as 
Sup. S1-S5.

Scheme 1. Diphenylacetylene (tolan, DPA), diphenyldiacetylene (DPDA), and
1,4-bis(phenylethynyl)benzene (BPEB).
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Table 1. Observed features of the SRLD spectrum of diphenylacetylene (DPA) and vertical electronic transitions predicted with LCOAO. A graphical 
representation of the predicted transitions is shown in Figure 2 (see also Sup. S4).
Observed LCOAO a

b Abs c Pol d Term b f e B f Leading configurations g

A 33.2 h 1.18 h z 1 1B1u 34.1 1.60 –0.63 98%[3b3u b2g]
1 1B2u 36.7 –3 +1.07 40%[1au b2g], 35%[3b3u b1g]
1 1B3g 36.8 0 0 40%[1b1g b2g], 35%[3b3u au]
2 1Ag 46.5 0 0 64%[3b3u b3u], 17%[2b2g b2g]
3 1Ag 46.9 0 0 69%[2b2g 3b2g], 24%[3b3u 4b3u]
2 1B3g 48.1 0 0 49%[1b1g 3b2g], 49%[3b3u 2au]

B 44.4 h 0.42 h y 2 1B2u 48.7 0.87 –0.65 49%[1au 3b2g], 49%[3b3u 2b1g]
C 51 0.50 z 2 1B1u 52.2 0.81 +2.11 43%[1au 2b1g], 42%[1b1g 2au]

4 1Ag 56.0 0 0 40%[1b1g 2b1g], 40%[1au 2au]
3 1B2u 56.1 0.04 –2.00 42%[1b1g 4b3u], 22%[2b2g 2au]
3 1B3g 56.1 0 0 43%[1au 4b3u], 20%[2b2g 2b1g]
3 1B1u 58.8 0.02 +0.58 53%[2b3u 3b2g], 42%[3b3u 4b2g]
4 1B3g 60.3 0 0 58%[2b2g 2b1g], 34%[1au 4b3u]

D 57.1 0.51 y 4 1B2u 60.8 1.17 +8.72 57%[2b2g 2au], 36%[1b1g 4b3u]
4 1B1u 61.6 0.48 –8.58 79%[2b2g 4b3u], 6%[3b3u 4b2g]
5 1Ag 63.6 0 0 50%[1b1g 2b1g], 50%[1au 2au]

a 16 lowest transitions, complete list provided as Sup. S4. 
b Peak wavenumber in 1000 cm–1. 
c Peak absorbance estimated from the partial absorbance curves in Figure 1c. 
d Polarization direction.
e Oscillator strength.
f MCD B-term in 10–3 e D2/cm–1 e = Bohr magneton, D = Debye).
g - * configurations, orbital energies and diagrams in Figure 3. 
h Onset.

Figure 1. (a) Absorbance curves measured with polarized light for
diphenylacetylene (DPA) in stretched polyethylene. and indicate the
absorbance measured with the stretching direction parallel and
perpendicular to the electric vector of the radiation. (b) Family of reduced
absorbance curves according to Equation 1 with varying from 0 to 1 in
steps of 0.1. (c) Partial absorbance curves and as defined in Equations
2 and 3, indicating y- and z-polarized absorbance. 

2. Experimental

DPA [CAS 501-65-5] (98%) was purchased from Sigma-
Aldrich. The spectroscopic purity of the substance was checked 
by comparison with the reference spectra available online [34]. 
Low-density polyethylene (PE) was obtained from Hinnum 
Plast, Denmark, as a pure l. DPA was 
introduced into the PE sample by submersion of a piece of the 
polymer sheet into a saturated solution of the compound in 
chloroform (Merck Uvasol) at room temperature for several 

days. Subsequently, the chloroform was allowed to evaporate, 
and the crystalline deposits on the surface were removed with 
methanol (Merck Uvasol). The PE sample was finally uniaxially 
stretched by ca. 500%. A sample without solute was prepared 
in the same manner for use as a reference. More details on 
stretched PE samples can be found in the literature [17-22].

The Synchrotron Radiation Linear Dichroism (SRLD) 
spectrum of DPA was measured at room temperature in the 
range 58,000-28,000 cm-1 (172-360 nm) on the CD1 beamline 
[23,24] at the storage ring ASTRID at the Centre for Storage 
Ring Facilities (ISA). Two absorbance curves were recorded as 
previously described [16] with the electric vector of the sample 
beam parallel ( ) and perpendicular ( ) to the stretching 
direction of the PE sample. The baseline-corrected absorbance 
curves ( ) and ( ) are shown in Figure 1a. The LD is 
defined as the difference between the two curves, LD = ( )( ). A version of the spectrum with an indication of all peak 
wavenumbers and absorbance is provided in Sup. S1. 

2.1. Theory/Calculation

The electronic transitions of DPA were computed with the 
semiempirical all-valence-electrons method LCOAO [25,26] and 
with TD-DFT [27-29] using the functional CAM-B3LYP [30]. 
LCOAO calculation was performed with the computer program 
published in Reference [35]; a complete LCOAO bibliography is 
given in Sup. S5. CAM-B3LYP calculations were carried out with 
the Gaussian 16 software package [36].

The LCOAO calculation included the interaction between all 
singly excited singlet configurations generated by the promo-
tion of an electron from the occupied

-
addition to transition energies, intensities, and polarization 
directions, this calculation provided predictions of MCD B-
terms [26,31] for the computed electronic transitions. The 
input geometry for the LCOAO calculation was taken as the one 
optimized with CAM-B3LYP and the basis set AUG-cc-pVTZ (see 
below). The main transitions obtained with LCOAO are listed in 
Table 1 and visualized in Figure 2, a complete listing of all 
LCOAO results is provided as Sup. S4. 

CAM-B3LYP and TD–CAM-B3LYP calculations were carried 
out with the basis sets AUG-cc-pVTZ and cc-pVTZ (with and 
without the inclusion of diffuse functions) [37,38]. The isotropic
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Table 2. Vertical electronic transitions for diphenylacetylene (DPA) predicted with TD-CAM-B3LYP/AUG-cc-pVTZ. A graphical representation is provided as Sup. 
S2.
TD-CAM-B3LYP/AUG-cc-pVTZ a

Term b f c Leading configurations d

1 1B1u 35.4 1.12 94%[3b3u( ) b2g( *)]
1 1B2u 40.9 –4 49%[3b3u( ) b1g( *)], 32%[1au( ) b2g( *)]
1 1B3g 41.2 0 44%[3b3u( ) au( *)], 35%[1b1g( ) b2g( *)]
1 1Au 42.5 0 94%[8b2u( C C b2g( *)]
1 1B3u 45.3 –3 76%[3b3u( ag( *)], 11%[3b3u( ag( *)]
2 1Ag 47.3 0 59%[3b3u( ) b3u( *)], 18%[2b2g( ) b2g( *)]
2 1B2u 48.7 0.52 48%[1au( ) b2g( *)], 43%[3b3u( ) b1g( *)]
2 1B3u 51.5 0.01 66%[3b3u( ) ag( *)], 13%[3b3u( ) ag( *)]
2 1B1u 52.1 0.73 46%[1au( ) b1g( *)], 41%[1b1g( ) au( *)]
3 1B3u 55.4 –3 54%[3b3u( ) ag( *)], 33%[3b3u( ) ag( *)]
3 1B1u 57.4 0.21 68%[3b3u( ) b2g( *)], 14%[2b3u( ) b2g( *)]
4 1B3u 57.7 –3 93%[8b2u( C C b1g( *)] 
3 1B2u 58.2 0.02 56%[8b2u( C C) ag( *)], 20%[8b2u( C C) ag( *)]
4 1B1u 58.3 0.65 30% 2b3u( ) b2g( *)], 18%[3b3u( ) b2g( *)]
5 1B3u 58.4 0.03 32%[1b1g( ) b2u( *)], 17%[3b3u( ) ag( *)]
6 1B3u 58.7 0.05 24%[1b1g( ) b2u( *)], 19%[3b3u( ) ag( *)]
4 1B2u 59.5 0.10 37%[2b2g( ) au( *)], 20%[1b1g( ) b3u( *)]
5 1B2u 61.0 0.50 43%[1b1g( ) b3u( *)], 21%[2b2g( ) au( *)]
6 1B2u 61.7 0.02 84%[3b3u( ) b1g( *)]

a Main transition only, complete list provided as Sup. S2. 
b Wavenumber in 1000 cm–1.
c Oscillator strength.
d indicates the in-plane component of the triple-bond.

Figure 2. Gaussian convolutions of electronic transitions for diphenyl-
acetylene (DPA) predicted with LCOAO.

influence of the solvent was approximated by the Polarizable 
Continuum Model IEFPCM [39-42] using n-hexadecane as the 
solvent [36]. The ground state equilibrium geometry of DPA 
was optimized under the assumption of D2h symmetry with 
CAM-B3LYP using the respective basis sets and representing 
the dispersion effects by the model by Grimme [43] (keyword: 
empiricaldispersion=gd3bj [36]). The resulting nuclear 
coordinates are provided in Sup. S2 and Sup. S3 together with 
the results of frequency analyses. The TD-CAM-B3LYP 
calculations considered vertical transitions to the lowest 70 
excited singlet states. The main transitions obtained with the 
basis set AUG-cc-pVTZ are listed in Table 2. Complete listings 
and graphical illustrations of all transitions computed with TD–
CAM-B3LYP are provided as Sup. S2 and Sup. S3.

The convolutions of the predicted transitions are shown in 
Figure 2, Sup. S2, Sup. S3 and Sup. S4 were performed by 
assigning a Gaussian function to each excitation wavenumber 
with an area proportional to the oscillator strength or the MCD 

B-term for that transition, using a constant standard deviation, 
–1. 

3. Results and discussion

3.1. Linear dichroism: Orientation factors and polarization 
directions

The observed LD absorption curves ( ) and ( ) are 
shown in Figure 1a. Directional information that can be derived 
from the LD curves is given by the orientation factors =cos ( , ) , where ( , ) is the angle of the dipole moment 
vector of transition i with the polymer stretching direction 

and the pointed brackets indicate the average over all solute 
molecules in the light path [17-22]. The values may be 
estimated by considering the ‘reduced’ absorbance curves ( ) (Equation 1) [19]:( ) = (1 ) ( ) 2 ( ) (1)

The contribution from transition i vanishes from the linear 
combination ( ) for = , and the value may thus be 
determined by visual inspection [19]. A family of curves ( )
for DPA with ranging between the limits 0 and 1 is shown in 
Figure 1b, leading to determination of values close to 0.64 
and 0.20 for the main bands. 

According to the D2h molecular point group, dipole allowed 
transitions in DPA must be polarized along the molecular 
symmetry axes x, y, and z. We shall assume that the observed 

-
polarized along the in-plane y and z axes (Scheme 1); this 
assumption is supported by the theoretical results (Tables 1
and 2, Sup. S2, Sup. S3, Sup. S4). Aromatic hydrocarbons tend to 
align in stretched PE according to their molecular dimensions 
[17-22] and we thus assign the observed values 0.20 and 0.64 
to the orientation factors of the short and long in-plane 
molecular axes y and z, , = (0.20, 0.64). It is now 
possible to construct the partial absorbance curves ( ) and ( ) (Equations 2 and 3) corresponding to y and z polarized 
absorbance [19]:( ) = ( ) = 2.273 . ( ) (2)( ) = ( ) = +2.273 . ( ) (3)
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Figure 3. d with LCOAO with
indication of orbital amplitudes.

The resulting partial absorbance curves are shown in 
Figure 1c. Inspection of the first strong-band system (band A) 
reveals that the sharp peaks in the vibrational progression in ( ) are associated with S-shaped “wiggles” in ( ). This 
phenomenon is often observed in reduction procedures with 
sharp peaks and can be explained by orientation-dependent 
inhomogeneous line-broadening (different solvent effects for 
differently oriented solute molecules) [17,18].

3.2. Electronic transitions

3.2.1. Main bands

The wavenumbers, relative absorbance, and polarization 
directions for the main band systems A, B, C, and D are listed in 
Table 1, where they are compared with the transitions 
computed with LCOAO (see also Figure 2 and Sup. S4). 

The spectrum starts with a strong band A with an onset at 
33,200 cm–1 (301 nm). It is z-polarized and must be assigned to 
the 11B1u state predicted by LCOAO at 34,100 cm–1 (293 nm) 
(Table 1). It is well described by the HOMO-LUMO excitation, 

3b3u( )  3b2g( *) (Figure 3). Similar results are obtained with 
TD–CAM-B3LYP (Table 2). 

The next band B with an onset at 44,400 cm–1 (225 nm) has 
a partly resolved vibrational fine structure and a long and 
diffuse tail towards larger wavenumbers, overlapping the 
bands C and D. It is y-polarized and can be assigned to the 21B2u

state computed by LCOAO at 48,700 cm–1 (205 nm). This 
transition is essentially due to the promotions 1au( )
3b2g( *) and 3b3u( ) 2b1g( *) (SHOMO-LUMO and HOMO-
SLUMO). Very similar results are predicted with TD-CAM-
B3LYP (Table 2). The wavenumber of this transition is 
somewhat overestimated by the present calculations. A 
corresponding situation was observed for (E)-1,2-diphenyl-
ethene (trans-stilbene), which is iso-electronic with DPA [44].

Band C has a broad z-polarized maximum around 51,000 
cm–1 (196 nm). It is easily assigned to the 21B1u state predicted 
by LCOAO at 52,200 cm–1 (192 nm) (Table 1), primarily 
involving the orbitals next to the frontier region: 1au( ) 
2b1g( *) and 1b1g( ) 2au( *) (Figure 3). Again, the results are 
consistent with those obtained with TD–CAM-B3LYP (Table 2). 
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The band D peaking at 57,100 cm–1 (175 nm) in the vacuum 
UV region is predominantly y-polarized. It can possibly be 
assigned to the 41B2u state predicted by LCOAO at 60,800 cm–1

(164 nm) (Table 1). With the AUG-cc-pVTZ basis set, TD–CAM-
B3LYP introduces additional states in this region; the 41B2u

state predicted by LCOAO therefore corresponds to the 51B2u

state computed with TD-CAM-B3LYP at 61,000 cm–1 (164 nm) 
(Table 2). But TD–CAM-B3LYP predicts a strong z-polarized 
transition at 58,300 cm–1 (172 nm), which seems in poor 
agreement with the observed spectrum (Sup. S2). In any case, 
the theoretical prediction of electronic states in the vacuum UV 
is difficult, and the suggested assignment of the absorbance 
observed in this region must be considered as tentative.

3.2.2. Additional transitions

Much attention has been devoted to the 11Au state of DPA 
which is of prime importance in the photochemistry of the 
compound [6-13]. TD–CAM-B3LYP predicts this state at 42,500 
cm–1 (235 nm) (Table 2) primarily due to the promotion 
8b2u( C C) 3b2g( *), where C C indicates the in-plane 
component of the triple-bond. In ground state absorption
spectroscopy, the state is optically forbidden in the D2h point 
group, but it gains intensity in distorted conformations. 
Comparison with the optical properties of the “molecular rotor” 
diphenyldiacetylene (DPDA, Scheme 1) seems relevant [15]. 

Apart from the 11B1u state responsible for band A, the 
lowest optically allowed state is predicted to be 11B2u. LCOAO
and TD-CAM-B3LYP predict this state at 36,700 cm–1 (272 nm) 
and 40,900 cm–1 (244 nm), respectively (Tables 1 and 2). The 
leading configurations are 1au( ) 3b2g( *) and 3b3u( )
2b1g( *), similar to the 21B2u state giving rise to band B. The 
11B2u and 21B2u states are essentially minus and plus combi-
nations of the two configurations, a consequence of the 
approximate pairing symmetry [25,26,45] of the DPA system. 
Because of the minus character, the transition to the 11B2u state 
is predicted to be weak (“parity forbidden”) and it is likely to be 
buried under the strong absorbance due to the 11B1u state (band 
A). The transition may possibly be observed directly in the MCD 
spectrum, since positive and negative B-terms are predicted for 
11B1u and 11B2u (Table 1, Figure 2, Sup. S4). 

It should be mentioned that a variety of CAS-based 
procedures predict 11B2u as the lowest excited singlet state 
[7,12]. The present calculations clearly predict 11B1u as the 
lowest excited singlet state of DPA, in agreement with the 
results of semiempirical [5,6], TD-DFT [8,12], and ADC(2) [10] 
calculations. See the detailed discussion by Robertson and 
Worth [12]. 

LCOAO predicts the 31B2u state in the vacuum UV at 56,100 
cm–1 (178 nm) (Table 1). The corresponding state computed 
with TD-CAM-B3LYP is 41B2u at 59,500 cm–1 (168 nm) (Table 
2). This state is not clearly observed in the present spectrum, 
but it may contribute to the y-polarized absorbance in the 
region between the bands B and D, possibly gaining intensity by 
vibronic coupling with these strong bands. It may possibly be 
observed in the MCD spectrum, since a large negative B-term is 
predicted for this state (Table 1, Figure 2). However, as 
indicated above, the results in the high-wavenumber region 
should be treated with caution.

4. Conclusions

The absorbance spectrum of diphenylacetylene (DPA) is 
characterized by four characteristic bands A, B, C, and D in the 
region 58,000–28,000 cm–1 (172–360 nm), similar to the 
spectrum of trans-stilbene [44]. According to the present 
results, bands A and C are z-polarized, while bands B and D are 
y-polarized. The LCOAO model provides an adequate 
theoretical description of the four main bands. The TD-CAM-
B3LYP results are consistent with those obtained with LCOAO, 

except in the region of band D in the vacuum UV, where the two 
methods differ in the prediction of individual electronic 
transitions. The optically allowed states 11B2u and 31B2u are 
predicted with too low intensity to be observed in the present 
experimental spectra, but the MCD B-terms predicted by 
LCOAO suggest that they may be observed by MCD 
spectroscopy. 
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