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We report a thorough investigation of the absorption spectra of the cis and trans isomers of the

4-styrylpyridine photoswitch based on TDDFT calculations. The spectra of both isomers were

analysed first from the results of excitation calculations performed on their optimised geometries.

The main absorption band of the cis isomer is thus predicted to be due to the S0 - S1 and

S0 - S2 transitions, while the main absorption band of the trans isomer is predicted to originate

exclusively from the S0 - S1 transition. The convolution of the calculated oscillator strengths

with Gaussians helped mimic the broadening of the electronic transitions. However, it proved

necessary to use Gaussians with a large full width at half maximum of 5000 cm�1; and, compared

to experiment, the calculated main absorption bands of the two isomers are significantly

red-shifted and far too symmetric. Consequently, as required for the detailed analysis of the

finite-temperature absorption spectrum of a molecule as flexible as 4-styrylpyridine, the influence

of the thermal fluctuations has been taken into account by calculating the spectra as time

averages over Car–Parrinello molecular dynamics trajectories. For both isomers, this led to a

noticeable improvement in the relative positions of the calculated and experimental main

absorption bands, and the asymmetry of the calculated bands brings them in better agreement

with the experimental ones. Furthermore, these last results show that, actually, the S0 - S1 and

S0 - S2 transitions both contribute significantly to the finite-temperature main absorption bands

of the two isomers. Finally, in order to also take the vibrational broadening into account, the

Franck–Condon factors of the relevant vibrations were calculated within the displaced harmonic

oscillator approximation. By thus taking both the thermal and the vibrational broadening into

account for the calculation of the absorption bands, the agreement between experiment and

theory could be further improved.

1. Introduction

The photophysics of the photoisomerisable styrylpyridines, i.e.

the aza-analogues of stilbene, has been actively investigated

for several decades.1–6 The presence of the N heteroatom

enables their use as ligands in transition metal complexes.

The photo-induced cis # trans isomerisation of the styryl-

pyridines can then serve as a means for photoswitching the

properties of the complexes. The photocontrol of the reactivity

of porphyrin complexes could be achieved in this way.7–9

The ligand-driven light-induced spin change (LD-LISC)

phenomenon10–14 results from the application of this approach

to complexes of first-row transition metal cations, such as

Fe(II) or Fe(III), which can exhibit spin crossover.15–17 In this

phenomenon, the optical switching of the photoreactive

ligand—namely, the cis # trans photoisomerisation of

4-styrylpyridine—causes a change of electronic structure which

in turn may induce the high-spin 2 low-spin conversion. An

in-depth understanding of the LD-LISC phenomenon could be

obtained from the theoretical study of LD-LISC complexes

within density functional theory (DFT).18,19 However, prior to

such a study, we aim at achieving an accurate characterisation

of the 4-styrylpyridine ligand using DFT methods.

We thus recently reported the detailed DFT study of the

photoisomerisable 4-styrylpyridine in its S0 ground state.20 The

trans isomer of planar geometry was shown to be the most stable

isomer with a cis–trans zero-point energy difference of DE0
CT =

1680 cm�1. Furthermore, ab initio molecular dynamics (AIMD)

simulations performed at 50, 150 and 300 K using the Car–

Parrinello (CP) scheme21 allowed us to evidence the highly flexible

nature of the molecule in the two conformations. The evolution of

the molecule in the vicinity of the cis and transminima was indeed

found to be characterised by large fluctuations whose amplitude

increases with the temperature. In particular, from the point of

view of an observer sitting on the ethylenic fragments, the phenyl

and pyridinyl moieties undergo large and concerted clockwise–

anticlockwise partial rotations about the single C–C bonds. It

especially follows from these simulations that the trans isomer

mainly exists at finite temperatures in a nonplanar form.
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With the present study, we extend our previous ab initio

static and dynamic study of the photoswitchable 4-styryl-

pyridine molecule to the absorption spectra of its isomers.

2. Computational details

The ground-state electronic absorption spectra of the two

isomers of 4-styrylpyridine were analysed on the basis of

electronic excitation calculations performed with the

NWChem program package22,23 within linear response in

time-dependent DFT (LR-TDDFT)24 using the B3LYP(AC)

exchange–correlation (XC) potential25 and the Gaussian-type

orbital (GTO) basis set G0. G0 consists of the DFT basis set

‘‘DZVP’’26 of double-z polarised quality for the H atom, and

of the DFT basis set ‘‘TZVP’’26 of triple-z polarised quality for

the N and C atoms. The ground-state geometries of the two

isomers used for the LR-TDDFT calculations have been

reported in ref. 20: these are the optimised B3LYP/G0 geometries

and also (see below) sample configurations taken from the

CPMD simulations. In order to evaluate Franck–Condon

factors within the displaced harmonic oscillator approximation,

we have characterised the vibrational properties of the two

isomers in the S0 ground state as well as their equilibrium

geometries in the S1 and S2 excited states. To this end, we used

the GAMESS package27–29 because of the availability in this

package of analytical TDDFT nuclear gradients.30 The

B3LYP31–33 functional was employed in combination with

the GTO G basis set, which consists in the GTODunning–Hay

basis set of double-z quality34 augmented with a set of

polarisation functions. For these calculations, we also used

the BOP functional which combines the Becke’s 1988 exchange

functional35 and the one-parameter progressive correlation

functional.36 The optimisations and frequency analyses were

performed with the symmetry constrained to Cs for the trans

isomer and with no symmetry constraint for the cis isomer.

Molecular visualisation were done with the Ecce program

suite37 and the Jmol program.38,39

3. Results and discussion

We first deal with the analysis of the absorption spectra of the

cis and trans isomers of 4-styrylpyridine from the results of the

LR-TDDFT calculations carried out at the B3LYP(AC)/G0

level on the B3LYP/G0 optimised geometries reported in

ref. 20. Then, besides this ‘‘static’’ approach, we make use of

the previously published results of CPMD simulations20 to get

further insight into the photophysics of the two isomers.

3.1 The ‘‘static’’ approach to the analysis of the absorption

spectra of the isomers

Fig. 1 shows the absorption spectra of the two isomers of

4-styrylpyridine recorded in CH3OH at room temperature.

The lowest-energy absorption band of each isomer is broad

and intense. The photoexcitation of the molecule in this band

allows reversible switching from one isomer to the other.

Upon the trans - cis isomerisation, this absorption band is

shifted toward higher energies by B3000 cm�1. It also

becomes broader and has its intensity reduced by a factor of

about three. These features are satisfactorily reproduced by

the simulated spectra shown in Fig. 1 along with the transition

energies and oscillator strengths. As compared to the

experimental curves, the calculated absorption profiles exhibit

a slight red shift and, for both isomers, a second absorption

band is also predicted at approximately 42 000 cm�1. This

second band is effectively observed, at a slightly higher energy.

Tables 1 and 2 give the calculated energies and oscillator

strengths of the lowest-lying spin-allowed transitions that

contribute to the absorption spectra of the two conformers

shown in Fig. 1. The assignments of these transitions are also

reported in the two Tables. They were made on the basis

of the Kohn–Sham (KS) molecular orbital (MO) diagrams of

Fig. 2 and 3, which have been used to identify the major

MO - MO excitations involved in the different transitions.

For the trans isomer, these results indicate that the low-energy

absorption band is mainly due to the S0 - S1 transition

Fig. 1 Simulated (blue line) and experimental (red line) electronic

absorption spectra of the trans (top) and cis (bottom) isomers of

4-styrylpyridine (the atom labelling used is also given). The calculated

transition energies and oscillator strengths f are shown as stick-plots.

The simulated spectra have been obtained by convoluting the

oscillator strengths with Gaussians with a full width at half maximum

of 5000 cm�1.
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at 31794 cm�1, which has a very strong oscillator strength.

This transition involves the promotion of one electron from

the bonding highest-occupied MO (HOMO) into the

antibonding lowest-unoccupied MO (LUMO), which both

are p orbitals delocalised over the entire molecule. The intense

absorption band due to this p–p* transition masks the

Table 1 Results of LR-TDDFT calculations for the ten lowest-lying excited singlet states of trans-4-styrylpyridine: excitation energy E (cm�1),
oscillator strength f and assignment; (the calculations were performed on the optimised B3LYP/G0 geometry)

E f Major MO - MO transitions Main character

S1(
1A0) 31794 0.90418 48a0 0 - 49a0 0 (99%) p–p*

S2(
1A0 0) 32486 0.00153 47a0- 49a0 0 (93%) n–p*

S3(
1A0) 36095 0.00442 46a0 0 - 49a0 0 (73%) CT

48a0 0 - 50a0 0 (22%)
S4(

1A0) 36742 0.01011 45a0 0 - 49a0 0 (75%) CT
48a0 0 - 51a0 0 (18%)

S5(
1A0 0) 40848 0.00008 47a0- 51a0 0 (73%) n–p*

47a0- 50a0 0 (25%)
S6(

1A0) 41269 0.09498 48a0 0 - 50a0 0 (58%) CT
46a0 0 - 49a0 0 (17%)
44a0 0 - 49a0 0 (10%)
48a0 0 - 52a0 0 (8%)

S7(
1A0) 41652 0.05661 48a0 0 - 51a0 0 (66%) CT

45a0 0 - 49a0 0 (17%)
S8(

1A0) 42080 0.04831 44a0 0 - 49a0 0 (38%) p–p*
48a0 0 - 52a0 0 (31%)
48a0 0 - 51a0 0 (9%)
48a0 0 - 50a0 0 (8%)
46a0 0 - 49a0 0 (8%)

S9(
1A0) 45944 0.00164 48a0 0 - 52a0 0 (42%) p–p*

44a0 0 - 49a0 0 (35%)
46a0 0 - 50a0 0 (10%)

S10(
1A0 0) 47054 0.00175 47a0- 52a0 0 (53%) n � p*

47a0- 50a0 0 (25%)
47a0- 51a0 0 (15%)

Table 2 Results of LR-TDDFT calculations for the ten lowest-lying excited singlet states of cis-4-styrylpyridine: excitation energy E (cm�1),
oscillator strength f and assignment; (the calculations were performed on the optimised B3LYP/G0 geometry)

E f Major MO - MO transitions Main character

S1(
1A) 32768 0.27822 48a - 49a (87%) p–p*

47a - 49a (10%)
S2(

1A) 34016 0.06879 47a - 49a (84%) n–p*
48a - 49a (10%)

S3(
1A) 36840 0.01750 46a - 49a (72%) CT

48a - 50a (24%)
S4(

1A) 38587 0.00964 45a - 49a (76%) CT
48a - 52a (14%)

S5(
1A) 40469 0.02349 47a - 50a (53%) n–p*

47a - 52a (22%)
48a - 50a (14%)

S6(
1A) 41202 0.03783 48a - 50a (35%) p–p*

44a - 49a (17%)
47a - 50a (14%)
46a - 49a (12%)
48a - 51a (9%)

S7(
1A) 41862 0.13867 44a - 49a (34%) p–p*

48a - 51a (33%)
48a - 50a (16%)
46a - 49a (8%)

S8(
1A) 43626 0.00382 48a - 52a (59%) p–p*

45a - 49a (16%)
46a - 51a (10%)
48a - 51a (7%)

S9(
1A) 45263 0.07866 48a - 51a (30%) p–p*

44a - 49a (30%)
47a - 51a (12%)
48a - 52a (9%)
45a - 50a (6%)

S10(
1A) 46263 0.05819 47a - 51a (70%) p–p*

44a - 49a (7%)
47a - 52a (7%)
48a - 51a (5%)
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contributions of the S0 - S2–4 transitions whose intensities are

comparatively very weak. The S1 and S2 states are found to be

nearly degenerate. The S0 - S2 transition is an n–p* transition.

It indeed involves a monoelectronic excitation from the

HOMO � 1 s-type orbital which describes the lone pair of

the nitrogen atom into the LUMO. The transitions toward the

S3 and S4 states are charge transfer (CT) transitions since

they principally consist of the HOMO � 2 - LUMO and

HOMO � 3 - LUMO excitations, respectively, and that the

HOMO � 2 and HOMO � 3 orbitals are centred on the

phenyl and pyridinyl fragments, respectively. The S0 - S5
transition is an n–p* transition with no intensity. Finally, the

S0 - S6–8 transitions are at the origin of the second absorption

band of trans-4-styrylpyridine. The intensity of this band is

principally due to the S0 - S6,7 transitions which are CT

transitions. The S0 - S9,10 transitions, whose intensities are

weaker by one order of magnitude, take place at higher

energies and do not contribute to the spectrum in the con-

sidered energy range.

For the cis isomer, the low-energy absorption band is due to

the S0 - S1 transition, as in the case of the trans isomer, but

also to the S0 - S2 transition which carries significant

intensity in the present case. On going from the trans isomer

to the cis isomer, the S0 - S1 and S0 - S2 transitions keep

their respective p–p* and n–p* characters since their main

MO - MO contributions are the HOMO - LUMO and

HOMO � 1 - LUMO excitations, respectively (see Fig. 3).

However, for the cis isomer, these single excitations mix

with each other, in contrast to the situation met with the

Fig. 2 Frontier KS MOs of trans-4-styrylpyridine: results of

calculations performed at the B3LYP(AC)/G0 level on the optimised

B3LYP/G0 geometry.

Fig. 3 Frontier KS MOs of cis-4-styrylpyridine: results of calculations

performed at the B3LYP(AC)/G0 level on the calculated B3LYP/G0

geometry.

6110 | Phys. Chem. Chem. Phys., 2010, 12, 6107–6123 This journal is �c the Owner Societies 2010



trans isomer wherein such a mixing is symmetry forbidden.

One thus notes in Table 2 that the HOMO � 1 - LUMO

(resp. HOMO- LUMO) excitation contributes up to 10% to

the S0 - S1 (resp. S0 - S2) transition. This suggests that the

n–p* transition in the cis isomer actually borrows its intensity

from the close lying p–p* transition. The S0 - S3,4 transitions

at higher energies are of CT character and contribute to the

region of the spectrum which is intermediate between the

two intense absorption bands. The transitions towards the S5
and S6 states of n–p* and p–p* characters, respectively,

significantly contribute to the high-energy absorption band,

as does the S0 - S9 transition of p–p* character, but the main

contribution to this absorption band is given by the S0 - S7
transition of p–p* type. The intensities of the S0 - S5–7,9
transitions make negligible the contribution of the S0 - S8
(p–p*)-type transition of much weaker intensity.

In summary, the results of the LR-TDDFT calculations

performed on the optimised geometries of the cis and trans

isomers of 4-styrylpyridine have allowed us to give a first

detailed analysis of their absorption spectra.

3.2 Further insight into the optical properties of

4-styrylpyridine from an approach based on AIMD

The above static analysis of the absorption spectra of the two

isomers shows that their main absorption bands result only

from the S0 - S1,2 electronic excitations of close energies.

For the trans isomer, the broadening of the involved transitions

was ascribed by Marconi et al.6 to the stretching progression

of the C1–C2 ethylenic moiety, and the blurring of the vibronic

structure at elevated temperatures to the presence of trans

species that exhibit twisting around the CPh–C1 and C2–CPy

bonds (see Fig. 1 for the atom labelling used). The vibronic

origin of the broadening of the electronic transitions and the

assignment of the vibronic progression are supported by our

finding that the p–p* S0 - S1 and n–p* S0 - S2 excitations

mainly involve one-electron transitions into the LUMO, which

exhibits an antibonding character at the level of the C1–C2

fragment. That is, the equilibrium geometries of trans-4-styryl-

pyridine in the S1,2 states are significantly displaced with

respect to the one in the S0 state along the C1–C2 stretching

vibrational coordinate. Actually, as shown below, several

vibrational modes are involved in the vibronic progression.

Furthermore, the existence of the twisted trans species has

been evidenced by the results of the finite-temperature

CPMD simulations reported in ref. 20. For the cis isomer,

the S0 - S1,2 electronic excitations also involve one-electron

transitions into the LUMO, which still presents an antibonding

character at the level of the C1–C2 ethylenic moiety. In

addition, the results of the finite-temperature CPMD simulations

performed on this isomer show that the aromatic rings also

exhibit partial rotations about the CPh–C1 and C2–CPy bonds.

Consequently, the broadening of the electronic transitions at

the origin of the main absorption band of cis-4-styrylpyridine

is also vibronic in nature and the blurring of the vibronic

structure can be ascribed to the thermal fluctuations.

For both isomers, the convolution of the calculated oscillator

strengths with Gaussians helped us mimic the broadening of

the electronic transitions within the static approach. However,

such a procedure presents in the actual case three major

drawbacks. (i) In order to reproduce the room-temperature

spectra of the two isomers in CH3OH (Fig. 1), it proved

necessary to use Gaussians with a quite large full width at

half maximum (FWHM) of 5000 cm�1. Compared to the

experimental spectra, (ii) the resulting simulated spectra are

significantly red-shifted and (iii) the profiles of the main

absorption bands are far too symmetric. A rigorous treatment

of the broadening mechanism requires that the analysis

accounts for both nuclear quantum and thermal fluctuation

effects (see for instance ref. 40). The inclusion of the quantum

effects is beyond the purpose of the present study. Still, as far

as we are concerned with the analysis of the room-temperature

spectra, we can limit ourselves to (i) the inclusion of the

thermal effects, and (ii) an ad hoc treatment of the vibrational

broadening. Let us first consider the influence of the thermal

fluctuations.

3.2.1 Thermal fluctuation effects. The inclusion of the

thermal effects is achieved by making use of the CPMD

simulations performed at 300 K20 to calculate the finite-

temperature S0 - SI (I Z 1) absorption lineshape FI(n)
according to41–43

FI ðnÞ ¼
1

Y

Z
Y
dt fI ðtÞdðnI ðtÞ � nÞ

¼ 1

NR

XNR

R¼1
f RI dðnRI � nÞ:

ð1Þ

That is, for a simulation of total durationY, FI(n) is calculated
as the average over NR sample configurations from the values

nRI and fRI determined for the electronic transition energy nI(t)
and the oscillator strength fI(t) for the considered configurations

R(t). The total absorption spectra is given by the sum

f ðnÞ ¼
XNI

I¼1
FI ðnÞ: ð2Þ

For both isomers, Y E 2.4 ps.20 For the calculations of the

finite-temperature spectra, the recorded trajectories were

sampled every DtE 95 fs, for a total of NR = 26 configurations.

The electronic excitation calculations were performed at the

B3LYP(AC)/G0 level. We used in place of the d functions

Gaussians having a FWHM of 1500 cm�1,45 and eqn (2) was

evaluated using theNI=10 lowest-lying transitions which suffice

for a complete characterisation of the main absorption band.46

The calculated 300 K and experimental spectra of the two

isomers are shown in Fig. 4. Its inspection shows that, as

compared to the results obtained within the static approach

(Fig. 1), there is for both isomers a noticeable improvement in

the relative positions of the calculated and experimental main

absorption bands. One also notes that the asymmetry of these

calculated bands bring them in better agreement with the

experimental ones. Despite the improvement thus achieved

by taking the thermal fluctuations into account, one notes for

both isomers that the calculated main absorption bands are

about two times narrower and about three times more intense

than their experimental counterparts. This discrepancy can be

ascribed to the neglect in our simulations of nuclear quantum

effects. Indeed, the classical treatment of the nuclei leads to
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absorption bands which are too narrow, because the thermal

distribution of the ‘‘classical’’ nuclei is too narrow.47 The

lack of nuclear quantum effects can be compensated for by

performing the simulations at higher temperatures (see ref. 47

and references therein). This discrepancy will be addressed

later by determining the contributions of the relevant

vibrational modes.

The fact remains nonetheless that the results of the actual

calculations clearly show that the S0 - S1 and S0 - S2
transitions both contribute significantly to the finite-temperature

main absorption bands of the two isomers. In the low-

temperature limit (T - 0 K), the same conclusion was drawn

for the cis isomer from the results of the excitation calculations

performed on its optimised geometry (Table 2). For the

trans isomer however, the results of the excitation calculations

similarly performed indicate that the main band is exclusively

due to the S0 - S1 transition of p–p* character, the close-lying
n–p* S0 - S2 transition having a comparatively vanishing

intensity (Table 1).

At finite temperatures, the analysis of the main bands is not

that simple. Fig. 5 shows the time dependence of the frontier

KS levels of trans-4-styrylpyridine during the 300 K CPMD

simulation. It also shows the occupied and virtual MOs which

contribute to the S0 - S1,2 transitions of the isomer at the

selected simulation times of t0 = 0 ps, t1 E 0.474 ps,

t2 = 1.517 ps and t3 E 1.991 ps. At t = t0, the S0 - S1
transition is found to occur at E

t0
1 ¼ 32174 cm�1 with an

oscillatory strength f
t0
1 ¼ 0:96320. The HOMO - LUMO

excitation contributes 88% to this transition, which can

therefore be identified as a p–p* transition. The S0 - S2
transition is characterised by E

t0
2 ¼ 33459 cm�1 and

f
t0
2 ¼ 0:03186. It proves to be a p–p* CT transition as it is

mainly contributed by the HOMO � 1 - LUMO and

HOMO - LUMO + 1 excitations with weights of 72%

and 16%, respectively. At t1, the S0 - S1,2 transitions have

energies of Et1
1 ¼ 32709 cm�1 and Et1

2 ¼ 33298 cm�1, and

oscillatory strengths of f
t1
1 ¼ 0:79829 and f

t1
2 ¼ 0:27880. The

HOMO - LUMO and HOMO � 2 - LUMO excitations

contribute 76% and 18%, respectively, to the S0 - S1 transition,

which thus has a p–p* character. The S0 - S2 transition has

an n–p* character: it indeed involves the HOMO� 2- LUMO,

HOMO � 1 - LUMO and HOMO - LUMO excitations,

with respective contributions of 50%, 25% and 22%. As

previously pointed out, within the Cs symmetry of the

equilibrium geometry of the trans isomer, the p–p* and n–p*
one-electron excitations are of distinct symmetries (a0 and a0 0,

resp.), and their coupling is therefore symmetry forbidden.

In the twisted trans forms of C1 symmetry brought about by

the thermal fluctuations, these symmetry restraints are lifted

and the one-electron n–p* and p–p* excitations can couple.

Thus, as observed for the S0 - S2 transition at t1, this allows

that S0 - SI (I Z 1) transitions of mainly n–p* character

have noticeable intensities.

Actually, for most sample configurations (21 out of

NR = 26), those at t2 = 1.517 ps and t3 E 1.991 ps included,

the S0 - S1 and S0 - S2 transitions are of n–p* and p–p*
characters, respectively, and principally involve one-electron

excitations from the HOMO � 1 and HOMO into the LUMO.

In these cases, the S0 - S1 transition is indeed mainly

contributed by the HOMO � 1[n] - LUMO[p*] excitation
and by the HOMO[p] - LUMO[p*] excitation to a lesser

extent. Conversely, the S0 - S2 transition originates mainly

from the HOMO[p] - LUMO[p*] excitation and has a

smaller contribution from the HOMO � 1[n] - LUMO[p*]
excitation. The HOMO � 1, HOMO and LUMO are shown

in Fig. 5 for the configurations at t2 and t3. At t2, the

HOMO � 1 - LUMO and HOMO - LUMO contribute

70% and 24%, respectively, to the S0 - S1 transition

(Et2
1 ¼ 34822 cm�1, f t21 ¼ 0:21954), while they contribute

24% and 73%, respectively, to the S0 - S2 transition

(Et2
2 ¼ 35395 cm�1, f t22 ¼ 0:76897). At t3, the HOMO � 1 -

LUMO and HOMO - LUMO contribute 86% and 9%,

respectively, to the S0 - S1 transition (E
t3
1 ¼ 31390 cm�1,

f
t3
1 ¼ 0:07735); and they contribute 9% and 89%, respectively,

to the S0 - S2 transition (E
t3
2 ¼ 32909 cm�1, f t32 ¼ 1:09903). As

illustrated by these results obtained for the configurations at t2
and t3, the intensity of the S0- S1 transition tends to be stronger

the larger the contribution of the HOMO - LUMO excitation.

Fig. 4 Calculated 300 K (blue line, left y-axis) and experimental

room-temperature (red line, right y-axis) absorption spectra of the

trans (top) and cis (bottom) isomers of 4-styrylpyridine. The thin lines

in the positive half of each plot are the composite partial spectra

obtained from summing the S0 - SI (I = 1,. . .,10) absorption bands,

which are shown in the negative half of the plot.
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However, the intensity of this transition remains weaker than

that of the S0 - S2 transition. The time-averaged oscillatory

strengths of these transitions

�f I ¼
1

Y

Z
Y
dt fI ðtÞ

¼ 1

NR

XNR

R¼1
f RI

ð3Þ

are �f 1 = 0.26487 and �f 2 = 0.77443; that is, �f 1 o �f 2 as

expected.

The time evolution of the frontier KS levels of the cis isomer

obtained from the 300 K CPMD simulation is shown in Fig. 6,

along with occupied and virtual MOs involved in the S0 - S1,2
transitions at t00 ¼ 0 ps, t01 � 0:578 ps, t02 � 1:612 ps and

t03 � 1:991 ps. At t00, the S0 - S1 transition

(E
t0
0
1 ¼ 32929 cm�1, f

t0
0

1 ¼ 0:72934) is a p–p* transition, with

a dominant 93% contribution from the HOMO - LUMO

excitation. The S0 - S2 transition of weaker intensity

(E
t0
0
2 ¼ 34395 cm�1, f

t0
0

2 ¼ 0:04808) has an n–p* character as it

mainly involve that the HOMO � 3 - LUMO and HOMO -

LUMO one-electron excitations with 65% and 23%

contributions, respectively. At t01, the S0 - S1 transition

(E
t0
1
1 ¼ 31530 cm�1, f

t0
1

1 ¼ 0:06582) has an n–p* character given
that the HOMO � 1 - LUMO and HOMO - LUMO

excitations contribute 66% and 33%, respectively, to this

transition. As for the S0 - S2 transition (E
t0
1
2 ¼ 33518 cm�1,

f
t0
1

2 ¼ 0:32469), the HOMO - LUMO and HOMO � 1 -

LUMO contribute by 62% and by 29% respectively, to this

transition which has therefore a p–p* character. However, for

most sample configurations (19 out of NR = 26), the S0 - S1
and S0 - S2 transitions are of p–p* and n–p* characters,

respectively, and are essentially contributed by excitations

from the HOMO � 1 and HOMO into the LUMO. In these

Fig. 5 Time dependence of the occupied (filled circles) and virtual (empty circles) frontier KS energy levels of trans-4-styrylpyridine as obtained at

the B3LYP(AC)/G0 level from the CPMD simulation performed at 300 K.20 Molecular orbitals are also shown for some instantaneous

configurations (see text).
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configurations, those at t02 and t03 included, the S0 - S1 is

mainly contributed by the HOMO[p] - LUMO[p*] excitation
with a smaller contribution from the HOMO � 1[n] -

LUMO[p*] excitation. On the other hand, the S0 - S2 transition

originates mainly from the HOMO � 1[n] - LUMO[p*]
excitation and the HOMO[p] - LUMO[p*] excitation has a

smaller contribution. At t02, the contributions of the HOMO -

LUMO and HOMO � 1 - LUMO excitations to the S0 - S1
transition ðEt0

2
1 ¼ 31761 cm�1; f

t0
2

1 ¼ 0:22341Þ are 63% and

35%, respectively. They become 58% and 33% for the S0 - S2
transition ðEt0

2
2 ¼ 33290 cm�1; f

t0
2

2 ¼ 0:26215Þ. At t03, the

HOMO - LUMO excitation contributes 91% to the S0 - S1
transition ðEt0

2
1 ¼ 31378 cm�1; f

t0
2

1 ¼ 0:22760Þ, whereas the

HOMO � 1 - LUMO contributes 90% the S0 - S2

transition ðEt0
2
2 ¼ 32888 cm�1; f

t0
2

2 ¼ 0:01750Þ. As shown with

these results at t02 and t03, the instantaneous p–p*
S0 - S1 transition is not necessary more intense than the

n–p* S0 - S2 transition, although this proves to occur quite

often (12 out of the considered 19 configurations). Note

that the time-averaged oscillatory strengths (eqn (3)) of the

S0 - S1 and S0 - S2 transitions are �f 01 ¼ 0:22943 and
�f 02 ¼ 0:16936, in agreement with the fact that the former

tends to be more intense than the latter. Finally, the overall

intensity of the main absorption band dominated by the

S0 - S1,2 transitions is �f 01 þ �f 02 ¼ 0:39879. For the trans

isomer, the overall intensity of the main absorption band is
�f 01 þ �f 02 ¼ 1:03930, that is, about 2.6 stronger than that of the

cis isomer, in agreement with experiment.

Fig. 6 Time dependence of the occupied (filled circles) and virtual (empty circles) frontier KS energy levels of cis-4-styrylpyridine as obtained at

the B3LYP(AC)/G0 level from the CPMD simulation performed at 300 K.20 Molecular orbitals are also shown for some instantaneous

configurations (see text).
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3.2.2 Vibronic broadening. The calculation of the

absorption spectra as time averages over CPMD trajectories

helped evidence the major role played by the thermal fluctuations

in the finite-temperature absorption spectra of the flexible

4-styrylpyridine molecule in its cis and trans forms. However,

except for the vibrations whose frequencies are below the

thermal energy kBT, the vibrational contributions to the

absorption bands cannot be captured by this approach wherein

the nuclei are treated classically. In order to remedy this

deficiency, the missing contributions can be determined in an

ad hoc manner. Thus, in their classical molecular dynamics

study of the influence of thermal motions on the structure and

absorption spectra of stilbene and models of poly(p-phenyl-

enevinylene), Kwasniewski et al.48 addressed this issue by

associating a vibronic progression to the electronic transition

determined for each of the sample configurations. They used

one effective mode and could this way account for the

cumulated effect of thermal and vibronic broadenings. We

have proceeded similarly but, instead of using effective modes,

we have evaluated for both isomers the contributions of their

vibrational modes which are not thermally excited. That is,

given that kBT E 200 cm�1, we have considered the modes

with frequencies nkZ 200 cm�1 and calculated their

contributions within the displaced harmonic oscillator

approximation, assuming that their ground vibrational levels

only are populated. In this framework, the vibrational intensity

distribution FI
v(n) associated with the electronic transition

S0 - SI of energy nI and oscillator strength fI reads

Fv
I ðvÞ ¼ fI

X
n1

� � �
X
np

Yp
k¼1

FI ;kð0; nkÞ
 !

� d v� vI �
Xp
k¼1

nkvk

" #
:

ð4Þ

In the above equation, p is the number of considered vibrations;

nk denotes the vibrational state reached in the SI state for the k-th

vibration of frequency nk; and FI,k(n
0
k,nk) is the associated

Franck–Condon factor, that is, the squared overlap integral

between the vibrational wavefunction jw0;k;n0
k
i of the k-th mode

in the ground state (here, n0k ¼ 0) and the vibrational wave-

function |wI,k,nk i of this mode in the excited state. Within the

displaced harmonic oscillator approximation, the Franck–

Condon factors FI,k(0,nk) read
49,50

FI ;kð0; nkÞ ¼
ðSI ;kÞnk

nk!
� expð�SI ;kÞ; ð5Þ

where SI,k is the dimensionless Huang–Rhys factor51 for the

k-th mode in the SI state, given by

SI ;k ¼
1

2

ok

�h
ðQI ;kÞ2: ð6Þ

ok is the angular frequency, and QI,k is the displacement

induced along the k-th normal mode by the S0 - SI change

of states. QI,k is given by the projection of the mass-weighted

SI/S0 geometric changes onto the normalised eigenvector of

the k-th mass-weighted normal mode (see, for instance,

ref. 52 and 53). Hence, its calculation and consequently that

of the Franck–Condon factors necessitate the determination

of the relaxed S0 and SI geometries, as well as the

characterisation of the ground-state vibrational properties.

For our purposes, the vibrational properties of the cis and

trans isomers of 4-styrylpyridine have been characterised at

the B3LYP/G level. Given that we are interested in the analysis

of their main absorption bands which originate from the

S0 - S1,S2 transitions, attempts were made to determine their

S1 and S2 optimised geometries at this same level. They proved

to be conclusive only for the calculations targeted at the

determination of the S1 structures. At these stationary points

found at the B3LYP/G for the two isomers, the S1 state has a

p–p* character. No stationary point could be found for the

trans isomer in the S2 state because of the proximity of the S1
and S2 potential energy surfaces in the probed region, which

actually is the vicinity of the S1 stationary point. We indeed

observed during the dedicated optimisation calculations that

the character of the second excited state alternates between

p–p* and n–p*, and that the energies of these two states remain

above the energy of the S1 stationary point by 3 mHa at most.

This suggests that the relaxed geometries of the trans isomer in

the S1 and S2 states are very similar. We consequently used

the S1 relaxed geometry for the calculation of the S0 - S2
Huang–Rhys factors. As shown below, this led to very

satisfactory results.

In the case of the cis isomer, the B3LYP/G relaxed S1
structure turned out to be nonphysically distorted with

H atoms pertaining to the phenyl and pyridinyl groups that

markedly lie out of the planes defined by the aromatic cycles

(see the ESIw). Furthermore the use of this structure for

the computation of the vibronic contributions to the main

absorption band of the cis isomer led to a predicted band

which is three orders of magnitude weaker than observed

(the calculated Huang–Rhys factors are given in the ESIw).
The fact that the calculated B3LYP/G geometry of the cis

isomer in the S1 state is so severely distorted suggests that the

use of the B3LYP functional leads to an overestimation of

the van der Waals interactions, which is responsible for the

aromatic rings coming too close to each other. Indeed,

increasing the quality of the basis set used with the B3LYP

functional did not led to an improved geometry (data not

shown), while the use of an other functional, namely the BOP

functional, in combination with the G basis set gave a S1
structure, which is physically more sound, and which also led

to a predicted main absorption band in pretty good agreement

with experiment (see below). The assessment of the functionals

for predicting the excited-state structure of the twisted

cis-4-styrylpyridine would deserve a whole study. Here, we

limited ourselves to the determination at the BOP/G level of

the vibrational properties of the cis isomer and of its structure

in the S1 state. Its structure in the S2 state could also be

determined. At the stationary points found for the cis isomer

in the S1 and S2 states, these states have n–p* and p–p*
character, respectively. Selected distances and angles

characterising the structures determined for the two isomers

in the ground and excited states are summarised in Table 3.

The values found for these structural parameters in the

previously reported B3LYP/G S0 geometries20 are also given

for comparison.
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For 4-styrylpyridine in the ground state, inspection of

Table 3 shows that there is, for its two isomers, a good

agreement between the previously reported geometries and

the actual ones. One also notes for the trans isomer that the

S0 - S1 change of states translates into a E0.07 Å increase of

the C1–C2 bond length and a E0.05 Å decrease of the CPh–C1

and C2–CPy bond lengths. The resulting loss of the bond

length alternation in the CPh–C1–C2–CPy unit is accompanied

by a decrease of 2.6 deg and 1.2 deg of the angles CPh–C1–C2

and C1–C2–CPy, respectively, and is in fact similar to the one

found for the parent trans-stilbene upon the S0 - S1 change of

states.54,55 When one considers the results obtained at the

BOP/G level for the cis isomer, one also notes that there is the

same loss of bond length alternation upon the S0 - S1 and

S0 - S2 changes of states: it results in both cases from a

lengthening of E0.06 Å of the C1–C2 bond and a shortening

of E0.05 Å of the CPh–C1 and C2–CPy bonds. The most

noticeable differences between the BOP/G S1 and S2 geometries

proves to be in the values of the selected angles, that is, in the

spatial arrangement of the phenyl and pyridinyl substituents.

Thus, upon the S0 - S1 change of states: the angles

CPh–C1–C2 and C1–C2–CPy decrease by 0.3 and 1.9 deg, the

torsion angle t = CPh–C1–C2–CPy increases by 21.9 deg, and

the angle +(Py,Ph) between the two aromatic rings decreases

by 1.6 deg. These changes are actually more pronounced for

the S0 - S2 change of states: indeed, the angles CPh–C1–C2

and C1–C2–CPy decrease by 5.0 and 5.9 deg, t increases by

24.5 deg, and +(Py,Ph) decreases by 5.4 deg. Note that the

B3LYP/G bond lengths reported in Table 3 for the cis isomer

also supports the loss of bond alternation upon excitation.

However, because of the unphysical stacking of the phenyl and

pyridinyl substituents mentioned above, the B3LYP/G values

of the selected angles in the excited-state cis geometry drastically

differ from those obtained at the BOP/G level, whether one

considers the BOP/G S1 or S2 geometry.

Tables 4 and 5 show the coordinates and frequencies of

selected vibration modes of the cis and trans isomers,

respectively. For the two isomers, the selected modes are those

with frequencies greater than 200 cm�1 and with the largest

S0 - S1 and/or S0 - S2 Huang–Rhys factors (i.e., with SI

values (I = 1, 2) greater than the arbitrary threshold of 0.04).

Note that, in the case of the trans isomer, the Huang–Rhys

factors are likely to be non-vanishing only for the totally

symmetric a0 modes because of the Cs molecular symmetry

of the ground-state and excited-state geometries. For both

isomers, the selected modes include the stretching of the C1–C2

ethylenic moiety which, in both cases, is the mode of index 58.

This naturally follows from the fact that the electronic

transitions of interest correspond to one-electron transitions

into the LUMO, which exhibits an antibonding character at

the level of the C1–C2 fragment. However, as explained above,

the structural changes induced by these transitions are not

limited to the ethylenic moiety, whence the large number of

Franck–Condon active modes.

There are 13 selected active modes for the trans isomer and

30 for the cis isomer (Tables 4 and 5). For the evaluation of the

vibrational intensity distribution functions Fv
I ðnÞ (eqn (4)),

even larger numbers of coupling vibrational modes were

considered, namely, those with Huang–Rhys factors SI Z 0.001

(I= 1, 2; see the ESIw). An in-house C++ program was used

for this purpose. In order to reduce the computation cost tied

to the evaluation of eqn (4), it is possible to only keep the

products of the Franck–Condon factors which are above a

given limit elim. In the present case, we used for both isomers

elim = 10�7 as this threshold warrants the convergence of

the vibrational intensity distribution functions, and more

especially the convergence of their high-energy tails of weak

intensity. We also used Gaussian convolution functions.

Fig. 7 and 8 show the vibronic progressions determined for

the two isomers using a vanishing value of the electronic

transition energy, an oscillator strength of one, and Gaussians

with FWHM of 400 cm�1 and 800 cm�1. For the trans isomer

(Fig. 7), the curves obtained are well structured and suggest

that one could use an effective vibrational mode with an

associated frequency of 1500–1600 cm�1, which thus proves

to be quite close to the frequency of the stretching of the

ethylenic moiety. The value of the FWHM influences the

heights of the peaks but the overall intensity given by the area

under the curve is preserved. In the case of the cis isomer

(Fig. 8), the calculated vibronic progressions are less structured.

The Fv
1ðnÞ and Fv

2ðnÞ profiles thus obtained are quite

comparable and correspond to broad bands which are centred

Table 3 Selected distances (Å) and angles (deg) in optimised trans and cis geometries of 4-styrylpyridine

CPh–C1 C1–C2 C2–CPy CPh–C1–C2 C1–C2–CPy ta +(Py,Ph)b

trans-4-Styrylpyridine in the S0 ground state
B3LYP/G0c 1.468 1.351 1.468 127.3 126.4 180.0 0.0
B3LYP/G 1.469 1.354 1.469 127.3 126.1 180.0 0.0
trans-4-Styrylpyridine in the S1 state
B3LYP/Gd 1.420 1.422 1.421 124.7 124.9 180.0 0.0
cis-4-Styrylpyridine in the S0 ground state
B3LYP/G0c 1.473 1.345 1.472 130.8 130.5 6.4 52.3
B3LYP/G 1.478 1.356 1.479 130.9 130.6 7.7 50.5
BOP/G 1.486 1.371 1.485 132.1 131.9 8.2 49.9
cis-4-Styrylpyridine in the S1 state
B3LYP/Gd 1.418 1.414 1.414 122.9 122.5 20.1 24.2
BOP/Ge 1.443 1.426 1.443 131.9 130.0 30.1 48.3
cis-4-Styrylpyridine in the S2 state
BOP/Gd 1.439 1.433 1.433 127.1 126.0 32.7 43.5

a t = CPh–C1–C2–CPy.
b
+(Py,Ph) is the angle between planes defined by the phenyl and pyridinyl cycles. c Taken from ref. 20. d At this

stationary point, the considered state has a p–p* character. e At this stationary point, the considered state has an n–p* character.
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Table 4 trans-4-Styrylpyridine: coordinates and frequencies of the normal modes with frequencies greater than 200 cm�1, and for which the
largest S0 - S1 Huang–Rhys factors S1 are found (S1 Z 0.04; B3LYP/G results)
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Table 5 cis-4-styrylpyridine: coordinates and frequencies of the normal modes with frequencies greater than 200 cm�1, and for which the largest
S0 - SI Huang–Rhys factors SI are found (I = 1,2; S1 Z 0.04 or S2 Z 0.04; BOP/G results)
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Table 5 (continued)
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Table 5 (continued)
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atB3400 cm�1 andB2600 cm�1, respectively. Note that these

profiles globally hardly evolve on changing the FWHM of the

Gaussians from 400 cm�1 to 800 cm�1.

Finally, in order to take both the thermal broadening and

the vibronic broadening into account, the main absorption

bands of the two isomers have been calculated as time

averages over the 300 K CPMD trajectories using eqn (4).

Gaussians with FWHM value of 800 cm�1 were employed.

Fig. 9 shows the predicted main absorption bands of the two

isomers. In both cases, one notes that the calculated absorption

bands are slightly shifted to higher energies. But, most

importantly, one can note that the inclusion of the vibronic

broadening clearly leads to a further improvement of the

agreement between experiment and theory. Indeed, the shapes

and the intensities of the calculated main absorption bands are

in quite good agreement with their experimental counterparts,

the agreement being far better than the one observed when

including the thermal fluctuation effects only (Fig. 4).

4. Concluding remarks

Electronic excitation calculations performed within LR-TDDFT

allowed us to give a detailed analysis of the ground-state

absorption spectra of the cis and trans isomers of 4-styryl-

pyridine. The results of the excitation calculations performed

on the optimised geometries of the two isomers showed that

their main absorption bands originate from the two lowest-

lying transitions of p–p* and n–p* types. However, as required

for a thorough analysis of the finite-temperature absorption

spectrum of a highly flexible molecule such as 4-styrylpyridine,

it proved necessary to take the influence of the thermal

fluctuations into account. The absorption spectra were

consequently also calculated as time averages over CPMD

trajectories: this led to a significant improvement of the

agreement between experiment and theory. In order to also

take the vibrational broadening into account, the

Franck–Condon factors of the relevant vibrations were calculated

within the displaced harmonic oscillator approximation.

Thermal and vibrational broadenings could thus both be

taken into account for the calculation of the main absorption

bands: this led to a further noticeable improvement of the

agreement between experiment and theory.

The remaining discrepancies probably mainly originate

from the neglect of the solvent effects in our study. For

instance, let us recall that the calculated extinction coefficient

is proportional to 1/nmedium, where nmedium is the refractive

index of the medium (see, e.g., ref. 56). For our study

Fig. 7 Vibrational intensity distribution determined for trans-4-

styrylpyridine (B3LYP/G results): the function Fv
1ðnÞ is plotted for

an electronic transition energy of n1 = 0 cm�1, an oscillator strength

of f1 = 1, and using Gaussian convolution functions with FWHM of

400 cm�1 (dashed line) and 800 cm�1 (solid line).

Fig. 8 Vibrational intensity distributions determined for cis-4-

styrylpyridine (BOP/G results): the functions Fv
I ðnÞ (I = 1,2) are

plotted for an electronic transition energy of nI =0 cm�1, an oscillator

strength of fI = 1, and using Gaussian convolution functions with

FWHM of 400 cm�1 (dashed line) and 800 cm�1 (solid line).
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performed in the gas phase, we used nvacuum = 1. However, the

experimental absorption spectra were recorded in methanol

for which nMeOH E 1.3. Thus, the division of the calculated

absorption bands by nMeOH provides a way to readily further

improve the agreement between the intensities of the calculated

and experimental absorption bands (Fig. 9). Still, the influence

of the solvent must be addressed using a more complete

approach. The solvent is indeed likely to affect the relative

energies of the ground and excites states. Furthermore, the

population distribution of either isomer along the relevant

twisting angles fPh = C2–C1–CPh–Co-Ph and fPy =

C1–C2–CPy–Co-Py is expected to be broader in a solvent than

in the gas phase, because of the stabilisation of the twisted

forms by the solute–solvent interactions. It thus follows that

the absorption bands of the isomers can be expected to be

broader and concomitantly less intense in the solvent than in

the gas phase. Hence, in order to further improve our

understanding of the optical properties of 4-styrylpyridine, it

is necessary to extend the present study so as to explicitly take

the influence of the solvent into account. This is work in

progress.
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