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We present here an additional example: all-trans hexatriene. This molecule has been 
considered for testing Peticolas-Nafie-Stein (PNS) theory of Raman overtones and 
combinations and provides opportunity of comparing with alternative approaches 
based on the evaluation of Franck-Condon (or Huang-Rhys - HR) factors – notably 
Albrecht’s theory (see ref [11] of the main text and [1]). From this point of view it is 
worth to recall that the calculation of HR factors is not needed in the PNS approach, 
rather the HR coefficients are implicitly embedded. This is stated explicitly in ref. [7] 
of the main text. 
 
The evaluated HR factors for the lowest bright singlet excited state of hexatriene are 
given in Table 1 below and are sizeable, showing that the geometry difference 
between the equilibrium structure of the ground and excited states is also remarkable 
(see Table 2 for the CC bond length changes upon excitation). For sake of 
comparison, the corresponding data for β-carotene are given in Table 3. β-carotene is 
more conjugated than all-trans hexatriene and exhibits a smaller bond length change 
upon excitation. 
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νk 
(cm-1, unscaled) 

Sk 

350.1 0.2109 
445.4 0.2016 

1226.4 0.1831 
1321.6 0.1755 
1708.4 0.9940 

 
Table 1. Huang Rhys factors of all-trans hexatriene (after TD-B3LYP/6-31G** calculations) 
relative to the lowest bright singlet excited state. 
 

CC bond # 
(from head to tail of 

conjugated backbone) 

RCC
e 

(Å) 
RCC

g 
(Å) 

RCC
e-RCC

g 
(Å) 

1 1.388 1.342 0.045 
2 1.411 1.450 -0.039 
3 1.430 1.352 0.078 
4 1.411 1.450 -0.039 
5 1.388 1.342 0.045 

 
Table 2. Equilibrium bond length change upon excitation from the ground (g) to the lowest 
bright singlet excited state (e) of all-trans hexatriene (after TD-B3LYP/6-31G** 
calculations). 
 

CC bond # 
(from head to tail of 

conjugated backbone) 

RCC
e 

(Å) 
RCC

g 
(Å) 

RCC
e-RCC

g 
(Å) 

1 1.358 1.367 0.010 
2 1.475 1.460 -0.015 
3 1.355 1.370 0.016 
4 1.454 1.434 -0.020 
5 1.368 1.389 0.021 
6 1.434 1.412 -0.023 
7 1.364 1.389 0.025 
8 1.443 1.415 -0.028 
9 1.374 1.403 0.029 

10 1.428 1.400 -0.028 
11 1.368 1.398 0.030 
12 1.428 1.400 -0.028 
13 1.374 1.403 0.029 
14 1.443 1.415 -0.028 
15 1.364 1.389 0.025 
16 1.434 1.412 -0.023 
17 1.368 1.389 0.021 
18 1.454 1.434 -0.020 
19 1.355 1.370 0.016 
20 1.475 1.460 -0.015 
21 1.358 1.367 0.010 

 
Table 3. Equilibrium bond length change upon excitation from the ground (g) to the lowest 
bright singlet excited state (e) of β-carotene (after TD-B3LYP/6-31G** calculations) 



 
 
At first we evaluated the absorption spectrum of hexatriene following the method 
described in [2,3] which makes use of HR factors (differently from [2] we have 
adopted Lorentzian lineshape instead of Gaussian). The result of the simulation of 
electronic absorption of all-trans hexatriene is reported in Figure 1 and compared 
with experimental data available from the literature [4]. Inspection of Figure 1 
reveals that the HR factors determined by the level of theory we have adopted (Table 
1) are reliable since they produce a good simulation of the vibronic structure of the 
UV-Vis absorption spectrum. 
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molecule, and it is known that increasing the homogeneous 
width tends to reduce the intensity of lower frequency 
modes, particularly overtones and combination bands, rela-
tive to higher frequency fundamentals. 23 This is because the 
overlap ifli(t) > takes a longer time to reach its first maxi-
mum when ifl is an overtone or low frequency fundamental 
than when it is a high frequency fundamental. Accordingly, 
we first explored the possibility that the increased linewidth 
alone could be responsible for the observed spectral changes. 
An initial estimate for the electronic homogeneous linewidth 
r was obtained from the total scattering yields via Eq. (3). 
The total resonance Raman cross section was obtained by 
integrating the intensities of all Raman lines from 200 to 
7000 cm - I, beyond which there is very little recognizable 
Raman scattering. To this was added the Rayleigh scattering 
estimated from the Kramers-Kronig transform of the ab-
sorption spectrum as described previously.25 Table II gives 
the total Raman and Rayleigh yields and the nearly identical 
values of r found in cyclohexane at two different excitation 
frequencies. We then generated a best fit to the absorption 
spectrum in cyclohexane employing the same potential sur-
face parameters previously refined to fit the gas phase inten-
sities,24 fixing the homogeneous linewidth at the average val-
ue of r = 246 cm - 1 found above and varying only the zero-
zero energy, transition length, and inhomogeneous 
linewidth. The absorption spectrum calculated from Eq. ( 1 ) 
is shown in Fig. 4 and the Raman cross sections calculated 
from Eq. (2) are given in Table III. The absorption band 
shape is reproduced reasonably well using the 246 cm - 1 ho-
mogeneous width together with some inhomogeneous 
broadening, and although the calculated absolute cross sec-
tions for the observed fundamentals are considerably too 
low, the relative intensities of most of the Raman lines are 
reasonably well reproduced from the gas phase potential pa-
rameters. However, the calculated intensity in 2V l8 is nearly 
five times the upper limit estimated from the experimental 
spectrum. This implies that solvation modifies the excited 
state potential surface along the central double bond tor-
sional coordinate. 

We next adjusted the excited state potential parameters 
as necessary to fit the absorption spectrum and the zero-zero 
excited absolute and relative resonance Raman intensities. 
The calculated absorption spectrum and resonance Raman 
intensities are shown in Fig. 5 and Table III, respectively, 
and the vapor and solution phase potential parameters are 

TABLE II. Total scattering cross section and r. 

O'Raman,T/W3 O"RaYleigh/(j)3 

Excitation 
wavelength 

(nm) (A.2/molecule cm- 3 )a (A.2/molecule cm- 3 )b r(cm-I)C 

266 
260 

4.05 X 10- 19 

3.96x 10- 19 
0.86X 10- 19 

0.96X 10- 19 
247 
246 

a Experimental integrated cross section for the spectrally sharp Raman lines 
in the region 200-7000 cm - I, divided by cube of scattered wave number. 

b Calculated from Kramers-Kronig transform of absorption spectrum as 
described in Refs. 24 and 25. 

C Calculated from Eq. (3) of the text with Ao = 0.1935 A. 2 and n = 1.46. 

compared in Table IV. Along with changes in the potential 
parameters, a reduction in the electronic homogeneous 
width from 246 to 155 cm - 1 is required to reproduce the 
absolute Raman intensities of those modes listed in Table 
III. The best-fit potential parameters for most of the in-plane 
modes are very similar in vapor and solution phases, al-
though considerable reductions in the excited-state geome-
try changes in v 13 (the 354 cm - 1 bending mode) and v II 

(the 934 cm - 1 in-plane CH2 rocking mode) from vapor to 
solution are needed to reproduce the solution phase intensi-
ties. In contrast, the effective excited state harmonic force 
constant for the central double bond torsion must be almost 
a factor of 2 higher in solution than in the isolated molecule 
(corresponding to a force constant change of nearly a factor 
of 4) to be consistent with our estimated upper limit on the 
solution phase intensity of this mode. A moderate increase in 
the excited state force constant for the terminal methylene 
torsional mode (v 17) is also required. 

Figure 6 shows the same region of the resonance Raman 
spectrum, excited at the peak of the zero-zero band, for 
trans-hexatriene in methanol, hexane, and perfluorohexane 
solvents. The spectra in methanol and hexane are similar to 
those observed in cyclohexane, although the line attributed 
to 2V18, while weak, is now clearly observable, having about 
2 % the intensity ofthe strongest 1630 cm -I C=C stretch-
ing mode. In perfluorohexane all of the low frequency lines 
have higher relative intensities than in the other solvents, 
and significant intensity, though still far less than in the va-
por phase spectrum, appears in 2V18• The reduction of in ten-
sity in 2V l8 tracks qualitatively with the red shift of the ab-
sorption, which is strongly dependent on solvent 
polarizability; the wavelength of the zero-zero peak ranges 
from 251.2 nm in the vapor to 258 nm in perfluorohexane, 
266 nm in methanol and hexane, and 268 nm in cyclohexane. 

Figures 7 and 8 present the relative excitation profiles 
(relative Raman intensity as a function of excitation fre-
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FIG. 4. Experimental absorption spectrum of trans-hexatriene in cyclohex-
ane (solid curve) and calculated fit (dashed curve) using the gas-phase 
potential parameters given in Ref. 24 and Table IV, with homogeneous 
linewidth r = 246 cm - I, inhomogeneous Gaussian standard deviation 
(J = 170 cm - I, transition length M = 1. 71 A., and zero-zero energy 
Eo = 37 315 cm- I. Absorption cross sections are in units of A.2/molecule. 
The excitation wavelengths (in A.) at which Raman spectra were obtained 
are indicated. 
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FIG. I. Overview of the resonance Raman spectra of trans-l.3.5-hexatriene 
in cyclohexane at the indicated excitation wavelengths. Asterisks mark 
lines due primarily to solvent. 
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FIG. 2. Low-frequency region of the resonance Raman spectrum of trans-
hexatriene in cyc10hexane with zero-zero (268 nm) excitation. Asterisks 
mark lines due primarily to solvent. 
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FIG. 3. Low-frequency region of the resonance Raman spectrum of trans-
hexatriene vapor with zero-zero excitation (251.2 nm) (from Ref. 24). 

frequency part of the spectrum excited at the peak of the 
zero-zero band. For comparison, Fig. 3 shows the same re-
gion of the vapor phase spectrum excited at the zero-zero 
peak, and Table I summarizes the vibrational assignments. 
There is a substantial decrease in the intensities of all lower-
frequency vibrations upon going from the gas phase to solu-
tion, but the decrease is not uniform. In particular, the fea-
ture at 492 cm - I, reasonably strong in the vapor phase 
spectrum, is almost unobservable in cyclohexane solution. 
This vibration is assigned as the overtone of the central dou-
ble bond torsional mode, V 18•

33 

It is anticipated that the electronic homogeneous 
linewidth will be larger in solution than it is in the isolated 

TABLE I. Resonance Raman lines of trans-l.3.5-hexatriene. 

Vapor phase" Cyclohexane solutionC 

Assignment" Freq. (cm - I) Intensityd Freq. (cm - I) Intensityrl 

2VI9 185 0.2 
VI3 354 19 356 7.7 
VI2 444 3.3 447 3.3 

2VI8 492 11 
VI7 - V l9 597 0.7 

VI3 + 2VI8 848 1.1 
VII 934 3.4 933 1.2 
VIO 1192 39 1191 34 

Vg,V9 1290 14 1287 12 
2VI7 1372 2.9 1371 1.7 

V7 1403 0.4 1398 0.8 
V6 1581 8.8 1584 10 
v, 1635 100 1630 100 

(1.86x 10-') (7.4x 10-6 ) 

V, + VI3 1980 15 1987 15 
v, + 2VI8 2119 10 2123 1.9 
v, + VIO 2825 41 2813 29 

2v, 3263 41 3254 36 

" Assignments based on Ref. 33. 
bFrom Ref. 24; "lex = 251.2 nm (peak of zero-zero band). 
cThis work; "lex = 268 (peak of zero-zero band). 
d Intensities are tabulated relative to intensity of v,. Figures in parentheses 

are absolute cross sections in units of A 2 Imolecule. 
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Figure 1. Electronic absorption spectrum of all-trans hexatriene in cyclohexane [4]. The 
experimental spectrum is reported with a solid black line; the calculated fit (using 
experimentally deduced parameters) is reported as broken line. The simulated absorption 
using data from DFT calculations (B3LYP/6-31G**) is given as a red line. The origin of the 
simulated spectrum has been fixed in such a way to superimpose the 0-0 transition 
experimentally found at 2680 Å. Then the spacing of 2000 cm-1 between the horizontal axis 
marks has been matched in the two plots. Scaling factor of 0.965 has been adopted for DFT 
computed vibrational frequencies, consistently with resonant Raman calculations and the rest 
of calculations on β-carotene. 
 



 
Hence we considered the simulation of the Raman response in perfect resonance by 
means of PNS theory (i.e. eqs. 15-19 of the main text). The comparison with 
experimental data available in literature [4] is pretty good (see Figure 2). This is 
within the rather small and acceptable inaccuracies of the chosen method in 
determining vibrational structure and the gradient at FC point. 
 
We conclude that the selected quantum chemistry approach and PNS theory is a very 
good starting point for analyzing resonance Raman overtones/combination spectra in 
polyenes and presumably also in many other π-conjugated systems. 
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molecule, and it is known that increasing the homogeneous 
width tends to reduce the intensity of lower frequency 
modes, particularly overtones and combination bands, rela-
tive to higher frequency fundamentals. 23 This is because the 
overlap ifli(t) > takes a longer time to reach its first maxi-
mum when ifl is an overtone or low frequency fundamental 
than when it is a high frequency fundamental. Accordingly, 
we first explored the possibility that the increased linewidth 
alone could be responsible for the observed spectral changes. 
An initial estimate for the electronic homogeneous linewidth 
r was obtained from the total scattering yields via Eq. (3). 
The total resonance Raman cross section was obtained by 
integrating the intensities of all Raman lines from 200 to 
7000 cm - I, beyond which there is very little recognizable 
Raman scattering. To this was added the Rayleigh scattering 
estimated from the Kramers-Kronig transform of the ab-
sorption spectrum as described previously.25 Table II gives 
the total Raman and Rayleigh yields and the nearly identical 
values of r found in cyclohexane at two different excitation 
frequencies. We then generated a best fit to the absorption 
spectrum in cyclohexane employing the same potential sur-
face parameters previously refined to fit the gas phase inten-
sities,24 fixing the homogeneous linewidth at the average val-
ue of r = 246 cm - 1 found above and varying only the zero-
zero energy, transition length, and inhomogeneous 
linewidth. The absorption spectrum calculated from Eq. ( 1 ) 
is shown in Fig. 4 and the Raman cross sections calculated 
from Eq. (2) are given in Table III. The absorption band 
shape is reproduced reasonably well using the 246 cm - 1 ho-
mogeneous width together with some inhomogeneous 
broadening, and although the calculated absolute cross sec-
tions for the observed fundamentals are considerably too 
low, the relative intensities of most of the Raman lines are 
reasonably well reproduced from the gas phase potential pa-
rameters. However, the calculated intensity in 2V l8 is nearly 
five times the upper limit estimated from the experimental 
spectrum. This implies that solvation modifies the excited 
state potential surface along the central double bond tor-
sional coordinate. 

We next adjusted the excited state potential parameters 
as necessary to fit the absorption spectrum and the zero-zero 
excited absolute and relative resonance Raman intensities. 
The calculated absorption spectrum and resonance Raman 
intensities are shown in Fig. 5 and Table III, respectively, 
and the vapor and solution phase potential parameters are 

TABLE II. Total scattering cross section and r. 

O'Raman,T/W3 O"RaYleigh/(j)3 

Excitation 
wavelength 

(nm) (A.2/molecule cm- 3 )a (A.2/molecule cm- 3 )b r(cm-I)C 

266 
260 

4.05 X 10- 19 

3.96x 10- 19 
0.86X 10- 19 

0.96X 10- 19 
247 
246 

a Experimental integrated cross section for the spectrally sharp Raman lines 
in the region 200-7000 cm - I, divided by cube of scattered wave number. 

b Calculated from Kramers-Kronig transform of absorption spectrum as 
described in Refs. 24 and 25. 

C Calculated from Eq. (3) of the text with Ao = 0.1935 A. 2 and n = 1.46. 

compared in Table IV. Along with changes in the potential 
parameters, a reduction in the electronic homogeneous 
width from 246 to 155 cm - 1 is required to reproduce the 
absolute Raman intensities of those modes listed in Table 
III. The best-fit potential parameters for most of the in-plane 
modes are very similar in vapor and solution phases, al-
though considerable reductions in the excited-state geome-
try changes in v 13 (the 354 cm - 1 bending mode) and v II 

(the 934 cm - 1 in-plane CH2 rocking mode) from vapor to 
solution are needed to reproduce the solution phase intensi-
ties. In contrast, the effective excited state harmonic force 
constant for the central double bond torsion must be almost 
a factor of 2 higher in solution than in the isolated molecule 
(corresponding to a force constant change of nearly a factor 
of 4) to be consistent with our estimated upper limit on the 
solution phase intensity of this mode. A moderate increase in 
the excited state force constant for the terminal methylene 
torsional mode (v 17) is also required. 

Figure 6 shows the same region of the resonance Raman 
spectrum, excited at the peak of the zero-zero band, for 
trans-hexatriene in methanol, hexane, and perfluorohexane 
solvents. The spectra in methanol and hexane are similar to 
those observed in cyclohexane, although the line attributed 
to 2V18, while weak, is now clearly observable, having about 
2 % the intensity ofthe strongest 1630 cm -I C=C stretch-
ing mode. In perfluorohexane all of the low frequency lines 
have higher relative intensities than in the other solvents, 
and significant intensity, though still far less than in the va-
por phase spectrum, appears in 2V18• The reduction of in ten-
sity in 2V l8 tracks qualitatively with the red shift of the ab-
sorption, which is strongly dependent on solvent 
polarizability; the wavelength of the zero-zero peak ranges 
from 251.2 nm in the vapor to 258 nm in perfluorohexane, 
266 nm in methanol and hexane, and 268 nm in cyclohexane. 

Figures 7 and 8 present the relative excitation profiles 
(relative Raman intensity as a function of excitation fre-
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FIG. 4. Experimental absorption spectrum of trans-hexatriene in cyclohex-
ane (solid curve) and calculated fit (dashed curve) using the gas-phase 
potential parameters given in Ref. 24 and Table IV, with homogeneous 
linewidth r = 246 cm - I, inhomogeneous Gaussian standard deviation 
(J = 170 cm - I, transition length M = 1. 71 A., and zero-zero energy 
Eo = 37 315 cm- I. Absorption cross sections are in units of A.2/molecule. 
The excitation wavelengths (in A.) at which Raman spectra were obtained 
are indicated. 
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FIG. I. Overview of the resonance Raman spectra of trans-l.3.5-hexatriene 
in cyclohexane at the indicated excitation wavelengths. Asterisks mark 
lines due primarily to solvent. 
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FIG. 2. Low-frequency region of the resonance Raman spectrum of trans-
hexatriene in cyc10hexane with zero-zero (268 nm) excitation. Asterisks 
mark lines due primarily to solvent. 
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FIG. 3. Low-frequency region of the resonance Raman spectrum of trans-
hexatriene vapor with zero-zero excitation (251.2 nm) (from Ref. 24). 

frequency part of the spectrum excited at the peak of the 
zero-zero band. For comparison, Fig. 3 shows the same re-
gion of the vapor phase spectrum excited at the zero-zero 
peak, and Table I summarizes the vibrational assignments. 
There is a substantial decrease in the intensities of all lower-
frequency vibrations upon going from the gas phase to solu-
tion, but the decrease is not uniform. In particular, the fea-
ture at 492 cm - I, reasonably strong in the vapor phase 
spectrum, is almost unobservable in cyclohexane solution. 
This vibration is assigned as the overtone of the central dou-
ble bond torsional mode, V 18•

33 

It is anticipated that the electronic homogeneous 
linewidth will be larger in solution than it is in the isolated 

TABLE I. Resonance Raman lines of trans-l.3.5-hexatriene. 

Vapor phase" Cyclohexane solutionC 

Assignment" Freq. (cm - I) Intensityd Freq. (cm - I) Intensityrl 

2VI9 185 0.2 
VI3 354 19 356 7.7 
VI2 444 3.3 447 3.3 

2VI8 492 11 
VI7 - V l9 597 0.7 

VI3 + 2VI8 848 1.1 
VII 934 3.4 933 1.2 
VIO 1192 39 1191 34 

Vg,V9 1290 14 1287 12 
2VI7 1372 2.9 1371 1.7 

V7 1403 0.4 1398 0.8 
V6 1581 8.8 1584 10 
v, 1635 100 1630 100 

(1.86x 10-') (7.4x 10-6 ) 

V, + VI3 1980 15 1987 15 
v, + 2VI8 2119 10 2123 1.9 
v, + VIO 2825 41 2813 29 

2v, 3263 41 3254 36 

" Assignments based on Ref. 33. 
bFrom Ref. 24; "lex = 251.2 nm (peak of zero-zero band). 
cThis work; "lex = 268 (peak of zero-zero band). 
d Intensities are tabulated relative to intensity of v,. Figures in parentheses 

are absolute cross sections in units of A 2 Imolecule. 
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Figure 2. Resonance Raman spectrum of all-trans hexatriene. Comparison between 
experiments in cyclohexane [4] (solvent peaks marked with *) and present calculations based 
on DFT (red line). The scaling factor of vibrational frequencies computed with DFT is 0.965. 
Comparison with literature data recorded on hexatriene in gas phase [5] reveals that the 
doublet computed in the vicinity of 2800 cm-1 is real and partially masked by solvent peaks. 
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