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Abstract
The design of materials with enhanced luminescence properties is a fast-developing field due to 

the potential applicability of these materials as light-emitting diodes or for bioimaging. A 

transparent way to enhance the emission properties of interesting molecular candidates is blocking 

competing and unproductive non-radiative relaxation pathways by the restriction of intramolecular 

motions. Rationalized functionalization is an important possibility to achieve such restrictions. 

Using time-dependent density functional theory (TD-DFT) based on the ωB97XD functional and 

the semiempirical tight-binding method including long-range corrections (TD-LC-DFTB), this 

work investigates the effect of functionalization of the paradigmatic tetraphenylethylene on 

achieving restricted access to conical intersections (RACI). Photodynamical surface hopping 

simulations have been performed on a larger set of compounds including TPE and ten 

functionalized TPE compounds. Functionalization has been achieved by means of electron-

withdrawing groups, bulky groups which block the relaxation channels via steric hindrance and 

groups capable of forming strong hydrogen bonds, which restrict the motion via the formation of 

hydrogen bond channels. Most of the investigated functionalized TPE candidates show ultrafast 

deactivation to the ground state due to their still existing structural flexibility, but two examples, 

one containing -CN and -CF3 groups and a second characterized by a network of hydrogen bonds, 

have been identified as interesting candidates for creating efficient luminescence properties in 

solution
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1 Introduction

Tetraphenylethylene (TPE) received considerable attention in the last decade for its 

unusual luminescent behavior among carbon-based fluorescent molecules.1-4 The emission in most 

conventional organic fluorescents is quenched via aggregation,5, 6 limiting their use in light-

emitting diodes or for bioimaging. Typically, these systems consist of extensive planar aromatic 

structures in which strong π-π stacking interactions quench the emission upon the aggregation. 

However, aggregation can also have the opposite effect. For example, after electronic excitation 

of molecules containing C=C double bonds, radiationless deactivation to the ground state (and 

therefore quenching of fluorescence) occurs via rotation around these or related bonds. These 

motions are restricted upon aggregation, thus blocking the non-radiative relaxation channels and 

leading to enhanced luminescent properties,7 denominated as aggregation-induced-emission 

(AIE).8-10 Among these twisted systems, TPE represents an archetypal luminogen, not emissive in 

dilute solution but highly emissive in solid-state.11 Based on these properties, TPE has been used 

as a major building block to prepare solid state emitters with applications in organic light-emitting 

diodes7 and biomolecular science.12

The term restriction of intramolecular motion (RIM), which combines intramolecular 

vibrations and rotations, is generally accepted as the effective molecular mechanism for AIE. 

However, Tran et al.13 pointed out that restricted access to the conical intersection (RACI)14-16 

rather than the RIM mechanism as such characterizes the TPE relaxation. Since the discovery of 

AIE, a great effort has been made to investigate the properties of compounds showing AIE and to 

develop AIE-based luminescence materials.6, 17, 18 1, 19 20 As an alternative to aggregation processes 

to achieve efficient luminescent properties, functionalization by means of molecular substitution 

has been considered as an interesting alternative since it would provide luminescence as an 

intrinsic molecular property independent of its aggregation status.

The studies on the excited state dynamics of TPE discuss two main nonradiative 

deactivation channels, the ethylene twist and the torsional motion of phenyl rings1-4, 21, 22. The 

former movement is further connected with the E/Z (or cis/trans) isomerization;4 the latter with a 

cyclization process with a covalent bond formed between the two carbon atoms of two neighboring 

twisted phenyl rings.21, 23-25 The photocyclization requires smaller torsional movements of the 
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phenyl rings and, according to the calculations, proceeds on a shorter timescale than the ethylene 

twist, which is characterized by more pronounced geometrical rearrangements.13 However, some 

controversy appeared in the literature on the assignment of the primary relaxation channel to 

quench the TPE fluorescence, favoring either ethylene twist21, 26-30 or the torsional motion of 

phenyl rings.31-34 Different levels of calculations have been performed to reveal the main 

mechanism of TPE excited state relaxation. Applied methods range from time-dependent density 

functional theory (TD-DFT employing the PBE0 functional) to Time-dependent Density 

Functional-based Tight Binding (TD-DFTB) calculations,13, 35 as well as wavefunction-based 

methods.23, 36 The results of relaxation dynamics, including the assessment of the dominant 

relaxation channel, depend on the computational level used to describe the nuclear dynamics and 

electronic structure of the systems. TD-DFTB is of great interest especially for dynamics 

simulations because of its enhanced computational efficiency. However, as discussed by Tran et 

al.13, the results of the (TD-DFTB) calculations differ depending on the description of the long-

range corrections. The TD-DFTB description performed without long-range corrections favors the 

ethylene twist relaxation channel.35 In contrast, the TD-DFTB with the long-range corrections as 

implemented by Humeniuk et al.37 (TD-LC1-DFTB) predicted the relaxation solely by 

photocyclization.13 On the other side, simulations performed with the LC implementation by 

Lutsker et al.38 and Kranz et al.39 show the importance of both mechanisms, although 

photocyclization is preferred.13 This conclusion matches the results obtained with TD-DFT 

nonadiabatic dynamics40, and static second-order complete active space perturbation (CASPT2) 

calculations, which found a barrierless path towards photocyclization and a barrier of about 8.4 

kcal/mol (0.36 eV) for photoisomerization via ethylene twist. 

The effects of above-mentioned functionalization of TPE have been debated in terms of 

strategies for tuning the emission properties, showing quite exciting variability. The goal of the 

functionalization investigations is to achieve restrictions in the internal molecular motions by 

inserting different substituents into TPE, which should lead to the RACI effects keeping the 

molecule in the S1 state and thus providing sufficient time for fluorescence emission in solution. 

Gao et al.36 compared the excited-state decay of TPE substituted with four methyl groups in ortho 

or meta positions, performing extended static calculations and photodynamics simulations using 

the semiempirical orthogonalization model 2 (OM2) in combination with multireference 

configuration interaction (MRCI). In these calculations, the two adjacent phenyl rings are 
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substituted in the ortho-structure, and the two remaining phenyl rings are non-substituted. In 

contrast, in the meta-structure, all phenyl rings are substituted by one methyl group. The results 

show blocking both relaxation channels by CH3 substituents in the former structure, while the latter 

system starts to relax to the ground state at about 200 fs. A combination of steric restriction due to 

the functionalization and aggregation explains a  different emission efficiency of two stilbene-

based isomers.22 Different numbers of methyl groups in ortho- positions result in either twisted 

(one CH3) or planar (two CH3) isomers with varying emission properties. The former shows AIE 

properties, i.e. it is non-emitting as a monomer, while the latter is emissive in both solvent 

(monomer) and upon aggregation. Interestingly, TPE locked with geminally bridging ethyl groups 

is silent in emission spectra21, 41 and brightly fluorescent when geminally locked with an oxygen 

atom.42 The computational studies on the optical spectra of these systems, together with geminally 

substituted methyl- and sulfur-locked TPE, performed by Zhang et al.43 explain the strong 

emission of oxygen-locked TPE by the effect of both rigidity and an increased conjugation due to 

oxygen lone pairs. 

Introducing heteroatom-containing substituents into TPE brings additional possibilities to 

modify the luminescent properties, originating from enhanced cooperation via through-space 

intermolecular interactions upon aggregation.17 At the same time, heteroatoms contribute to a 

rather complex character of the excited states, mainly due to their electron-withdrawing or 

electron-donating characters and/or the existence of lone-pair orbitals involved in excited states.44, 

45 The substituents capable of hydrogen-bond formation represent a particularly interesting class, 

as they can contribute to the RIM mechanism to slow down the relaxation process.4 On the other, 

their excited state dynamics typically occurs on ultrafast time scales46 and, thus, can significantly 

modify the lifetimes of TPE-based systems by both inter and intramolecular hydrogen bonds 

making excited state proton transfer (ESPT) paths available.47, 48 

Despite a detailed investigation of TPE excited state dynamics, the effect of heteroatom 

substitutions seems to be promising but has not been explored extensively. This fact has motivated 

us to study the possibilities of functionalization of TPE more broadly in order to achieve 

fluorescence emission in solution at molecular basis. Two types of TPE-based systems are 

considered: (i) substitutions with strongly electron-withdrawing CN and CF3 groups and (ii) 

groups capable of forming hydrogen bonds. In total, 11 different substitution types containing -

CN, -OH, -CF3, -CHO, -COOH and -CONH2 groups were selected to explore different possibilities 
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of restraining the substituted TPE motion including steric hinderances and hydrogen bonds.

Moreover, the dynamics are based on TD-DFT using the long-range corrected ωB97xD49 

functional serving as a reference and using TD-LC-DFTB for comparison and confirmation of 

DFT results by running for longer simulation times due to the enhanced computational efficiency 

of DFTB. Verification of the applicability of the LC-DFTB method is of great practical interest 

with relevance to future applications on related aromatic systems.

2 Computational methods

Optimization of ground-state (S0) geometries was performed with the ωB97xD functional49 

with the triple-zeta valence polarization (TZVP) basis set50, 51 and with the long-range corrected 

DFTB with second-order correction (LC-DFTB2)38, 39 with the ob2-1-1 Slater-Koster (SK) 

parameter set.52 Since fluorine parameters are not available in the ob2-1-1 SK set, for 

TPE(CN)5CF3, the LC-DFTB2 method is replaced by DFTB2 with the halorg-0-1 SK set.53-56 In 

the DFTB calculations, the dispersion interactions were included via a Lennard-Jones potential57 

with parameters adopted from the universal force field (UFF).58 The electronic excitations were 

computed using the TD-DFT/ωB97xD and TD-LC-DFTB2 methods. Vertical excitation and 

emission energies were calculated based on the structures optimized for the S0 and S1 states, 

respectively; the adiabatic energies were computed as the energy difference between the minima 

of the S0 and S1 states. 

The initial conditions for the surface hopping dynamics and sampling points for calculating 

the UV spectra were computed in the framework of the nuclear ensemble approach.59, 60 

Vibrationally broadened UV spectra were generated from 250 sampling points for which ten states 

were computed for displaced geometries obtained from a harmonic-oscillator Wigner 

distribution.61 The same sampling points were used to create the initial conditions of the dynamics 

within an energy window placed symmetrically around the first absorption peak. For the excited-

state dynamics, surface hopping was used in the framework of the fewest switching algorithm62 

corrected for decoherence effects ( = 0.1 Hartree).63 Nonadiabatic interactions were computed 

following the numerical scheme suggested by Hammes-Schiffer and Tully,64 and using a local 

diabatization approximation.65, 66 20 trajectories were calculated for each substitution case with a 
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simulation time of up to a maximum of 1 ps for TD-DFT and a maximum of 2 ps for TD-LC-

DFTB. In selected cases the simulation time was extended to 5ps for the latter method. The choice 

of the number of trajectories per case and the simulation times were chosen focusing on the general 

analysis of a large variety of substitution cases for TPE over the detailed analysis of just a few 

ones having the substantial computational costs of the simulations in mind. Since the strong mixing 

between S0 and S1 at the crossing between these two states is not represented well by standard DFT 

methods, we followed previous procedures67, 68 using a criterion of 0.1 eV for the S0/S1 energy gap 

for stopping the trajectory at that point and taking that time as an estimate for the S0/S1 crossing. 

The dynamics always started from the S1 state.

The DFTB calculations were performed with a development version of the DFTB+ 

program.69 The Gaussian 09 package (Rev.E.01)70 was used for the ωB97xD calculations. The 

surface hopping dynamics was carried out with the  NEWTON-X program71 interfaced to DFTB+ 

and Gaussian 09, respectively. 

3 Results and Discussion 

3.1 Ground state calculations

Figure 1 and Figure 2 display the TPE structure and the various CN-, OH- and -COOH 

substituted compounds. The substitutions of the phenyl rings were performed always identically 

on two phenyl rings. For simplicity, the substitutions are specified for one ring only. Group I 

contains di-cyano TPE (TPE(CN)), di-penta cyano TPE (TPE(CN)5), di-penta cyano di-hydroxy 

TPE (TPE(CN)5OH)) and di-penta cyano di-trifluoromethyl TPE (TPE(CN)5(CF)3). Group II 

includes di-hydroxy di-aldehydo TPE (TPE(OH)(CHO), di-(di-aldehydo) di-(di-hydroxy) TPE 

(TPE(OH)2(CHO)2), di-hydroxy di-amide TPE (TPE(OH)(CNH2O), di-(di-hydroxy) di-(di-amide) 

TPE (TPE(OH)2(CNH2O)2), di-hydroxy di-carboxyl TPE (TPE(OH)(COOH)) and di-(di-hydroxy) 

di-(di-carboxyl) TPE (TPE(OH)2(COOH)2). The listed substituents for group I were chosen to 

provide electron withdrawing effects and/or steric hindrance through CN and CF3 groups and weak 

hydrogen bonds with a hydroxy group. Group II contains substituents for establishing strong 

hydrogen bonds formed between the hydroxy groups, and additional aldehyde, amide, or carboxyl 

groups. Table 1 and Table 2 display the values of the torsional angles (ethyl) around the ethylene 

double bond and (phe) for the phenyl torsion as defined in Figure 1. Note, that in the case of TPE 
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only one value of (phe) is reported due to the C4h symmetry of TPE. The symmetries of other 

systems lower to C2h and, thus, two values are reported. The ethylene torsional groups show only 

minor out-of-plane deviations due to the functionalization of the phenyl rings. The torsional angle 

for TPE is 176 and 174 using the LC-DFTB2 and ωB97XD methods, respectively. This angle 

changes only a little in CN-functionalized structures, with values between 176 and 180. The 

differences between LC-DFTB2 and ωB97XD methods in this torsional angle are not larger than 

3. The OH-functionalization of TPE results in slightly larger out-of-plane deviations, with the 

largest distortion in TPE(OH)(CHO) and TPE(OH)(COOH) of 172o and 175o obtained at the 

ωB97XD level, respectively. Although the results of the two methods differ slightly more (up to 

7o), their agreement is still reasonably good. The CN-functionalization increases the out-of-plane 

torsion of the phenyl rings. In TPE(CN)5, the distortion accounts for 16o and 13o at the LC-DFTB2 

and ωB97XD, respectively. Additional substitutions with OH and CF3 groups further modify this 

value. The OH and COOH functionalization slightly changes the phenyl torsional angles, and the 

deviations are not larger than 6o. Also in this case, the agreement between the two methods used 

is reasonably good. 

Figure 1. Optimized ground state structures for group I substituted TPE compounds: a) 

TPE, b) di-cyano TPE, c) di-penta cyano TPE, d) di-penta cyano di-hydroxyl TPE, e) di-penta 
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cyano di-trifluoromethyl TPE. The torsional angle around the ethylene double bond (ethyl) is 

(a,b,c,d) and the phenyl ring torsion (phe) is (b,c,d,e).

Figure 2. Optimized ground state structures for group II substituted TPE compounds: a) di-

hydroxy di-aldehydo TPE, b) di-(di-aldehydo) di-(di-hydroxy) TPE, c) di-hydroxy di-amide TPE, 

d) di-(di-hydroxy) di-(di-amide) TPE, e) di-hydroxy di-carboxyl TPE, f) di-(di-hydroxy) di-(di-

carboxyl) TPE.

Table 1. Ethylene and phenyl torsional angles for TPE and CN-substituted compounds (group I). 

The angles are defined in Figure 1.

System Method Ethylene 
torsional anglea

Torsional angle of phenyl 
ringsa,b

LC-DFTB2 --c

176.1
--c

53.6
TPE

ωB97XD 102.7
174.4

19.8
52.7

TPE(CN) LC-DFTB2 114.2
178.1

19.3; 19.6(CN)
50.7; 64.2(CN)

ωB97XD 123.9
176.1

24.0; 26.8(CN)
51.7; 60.2(CN)

TPE(CN)5 LC-DFTB2 126.4
179.8

26.1; 30.8 (CN)
55.5; 70.2(CN)

ωB97XD 137.4
176.3

30.6; 36.7(CN)
52.8; 67.2(CN)

TPE(CN)5OH LC-DFTB2 --c

175.6
--c

60.2(OH); 73.9(CN)
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HBd: 2.59 2.50
ωB97XD 140.5

178.4
35.3(OH); 37.0(CN)
59.1(OH); 67.8(CN)

HBd: 1.93 2.14
TPE(CN)5CF3 DFTB2-halorg-0-1 165.2

178.9
39.3 (CF3); 44.9 (CN)
49.4(CF3); 62.8(CN)

ωB97XD 165.5
178.4

38.6 (CF3); 44.1 (CN)
40.4 (CF3); 62.8 (CN)

aground-state optimized values are shown in italics, baveraged value, cgeometry optimization not 
converged for the S1 state. dHydrogen Bond distance (in Å)

Table 2. Ethylene and phenyl torsional angles and hydrogen bonds for TPE substituted by OH-, 

and CHO-, COOH- and CONH2- groups (group II). The angles are defined in Figure 1.

System Method Ethylene torsional 
anglea

Torsional angle of phenyl ringsa

TPE(OH)(CHO) LC-DFTB2 172.2
179.9

OH: 53.0, 71.4 CHO: 65.6, 74.3
 OH:76.6, 115.3, CHO: 80.8, 103.3

HBb: 1.78 – 1.99 (2); 1.86 – 1.87 (2)
ωB97XD 163.4

172.5
OH: 48.0, 65.5 CHO: 43.5, 65.6
 OH: 62.2, 75.1 CHO: 64.9, 75.0

HB: 1.77 – 1.98 (2); 1.90 – 1.98 (2)
TPE(OH)(COOH) LC-DFTB2 --c

176.8
--c

OH: 62.3, 79.3 COOH: 63.3, 80.2
HB: 1.833 – 1.865 (2)

ωB97XD 159.6
175.0

OH: 41.7, 61.2 COOH: 31.8, 53.8
 OH: 60.2, 69.0 COOH: 62.8, 67.6

HB: 1.931 – 2.300 (2); 1.876 – 2.002 (2)
TPE(OH)2(CHO)2 LC-DFTB2 163.4

176.6
OHd: 46.7, CHOd: 58.2
 OHd: 57.8, CHd: 62.7

HB: 1.915 – 2.484 (6); 1.898 – 2.254 (3)
ωB97XD 179.8

176.2
OHd: 55.4, CHOd: 50.5
 OHd: 57.3, CHOd: 59.2

HB: 1.711 – 2.376 (6); 1.994 – 2.217 (3)
TPE(OH)2(COOH)2 LC-DFTB2 171.3

179.4
OH: 43.5, 56.3, COOH: 25.6, 53.3
OH: 48.7, 56.1 COOH: 54.1, 60.9

HB: 1.914 – 2.064 (3); 1.889 – 2.029 (3)
ωB97XD 175.3

176.7
OH: 47.7, 53.6; COOH: 39.4, 49.2
OH: 49.4, 57.9 COOH: 54.0, 61.2

HB: 1.820 – 2.413 (7); 1.927 – 2.522 (4)
TPE(OH)(CONH2) LC-DFTB2 170.9

178.3
OH: 48.7, 71.9; CONH2: 53.9, 72.2
OH: 61.1, 73.7 CONH2: 61.3, 74.8

HB: 1.839 – 1.969 (2); 1.844 – 1.886 (2)
ωB97XD 160.9

177.1
OH: 38.8, 62.5; CONH2: 31.0, 55.5
OH: 60.7, 69.0 CONH2: 63.3, 67.7
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HB: 1.901 – 2.206 (2); 1.850 – 1.969 (2)
TPE(OH)2(CONH2)2 LC-DFTB2 177.1

176.5
OH: 49.7, 52.6; CONH2: 44.8, 59.5
OH: 52.7, 57.6 CONH2: 51.4, 61.6

HB: 1.828 – 2.071 (3); 1.908 – 2.349 (5); 
ωB97XD 175.6

177.7
OH: 45.3, 53.7; CONH2: 43.1, 46.5
OH: 53.8, 57.2 CONH2: 61.4, 52.5

HB: 1.858 – 2.422 (6); 1.937 – 2.366 (4)
athe ground-state optimized values are shown in italics, bHydrogen Bond distance (in Å), the 
number in parentheses indicates the number of HBs (< 2.5 Å); cgeometry optimization not 
converged for the S1 state., daveraged value

3.2 Absorption spectrum

Vertical absorption energies of TPE and CN-substituted compounds, oscillator strengths 

and orbital transitions are given in Table 3 and Table 4 for the first excited state of each compound 

using the TD-DFT/ωB97XD and TD-LC-DFTB2 methods. Tables S1-S11 contain results for the 

first ten states. HOMO/LUMO orbital pairs are depicted in Figure S1. The calculations using the 

ωB97XD functional give the first excited state of TPE at 4.342 eV (Table 3). The sizable spatial 

overlap between the HOMO and LUMO orbitals (Figure S1a), mainly involved in the electronic 

transition of the first excited state, explains its bright character. The second and third excited states 

are separated by energy gaps of 0.6 and 0.7 eV (Table S1), respectively, with significantly smaller 

oscillator strengths. These results closely match with the previously reported excitation energies 

and oscillator strengths13 obtained with DFT employing long-range corrected CAM-B3LYP and 

LC-ωPBE functionals and with the second-order algebraic diagrammatic construction (ADC(2)) 

method, and with experimental observations which find the first absorption bands measured in 

tetrahydrofurane at ~4 eV.72 Functionalization of TPE by one CN group changes this picture 

somewhat; a small spatial overlap between HOMO and LUMO components of the phenyl rings 

(Figure S1b) decreases the oscillator strength of the first excited state (Table 3). Additionally, the 

nature of the second and third excited states (Table S2) are separated by a smaller energy gap from 

the first excited state as compared to TPE. These states are almost degenerate at both computational 

levels. The sizable overlap between the HOMO and LUMO+1 in the S2 transition, observed with 

ωB97XD, explains the oscillator strength value comparable to that of the 1st excited state. Thus, 

also, the higher excited states (2nd and 3rd with the ωB97XD and LC-DFTB2, respectively) will 

contribute to the absorption spectra of TPE(CN). The good agreement between the ωB97XD and 
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LC-DFTB2 results justifies the use of the latter method for further dynamics simulations. 

Table 3. Vertical excitations listed for the first excited state for group I compounds using the TD-

LC-DFTB2/ DFTB2-halorg-0-1 and ωB97xD approaches. The transition is always from HOMO 

to LUMO.

Method Stat
e

Excitation 
energies (eV)

Oscillator 
strength

TPE
TD-LC-DFTB2 1 4.673 0.558
ωB97xD 1 4.342 0.424
TPE(CN)
TD-LC-DFTB2 1 4.687 0.324
ωB97xD 1 4.324 0.256
TPE(CN)5
TD-LC-DFTB2 1 4.157 0.016
ωB97xD 1 3.694 0.016
TPE(CN)5(OH)
TD-LC-DFTB2 1 3.653 0.005
ωB97xD 1 3.776 0.014
TPE(CN)5(CF3)
DFTB2-halorg-0-1 1 3.009 0.186
ωB97xD 1 3.846 0.302

Table 4. Vertical excitations listed for the first excited state for group II compounds using the TD-

LC-DFTB2 and ωB97xD approaches.

Method State Excitation 
energies(eV)

Oscillator
strength Transitiona

TPE(OH)(CHO)
TD-LC-DFTB2 1 3.671 0.000 H-2 → L
ωB97xD 1 3.724 0.040 H → L
TPE(OH)(COOH)
TD-LC-DFTB2 1 4.343 0.021 H-2 → L
ωB97xD 1 4.189 0.144 H → L
TPE(OH)(CONH2)
TD-LC-DFTB2 1 4.475 0.033 H-1 → L
ωB97xD 1 4.329 0.180 H → L
TPE(OH)2(CHO)2
TD-LC-DFTB2 1 3.979 0.057 H-2 → L
ωB97xD 1 3.616 0.059 H-2 → L
TPE(OH)2(COOH)2
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TD-LC-DFTB2 1 4.154 0.151 H → L
ωB97xD 1 4.080 0.125 H-1 → L
TPE(OH)2(CONH2)2
TD-LC-DFTB2 1 4.150 0.104 H → L
ωB97xD 1 3.975 0.130 H-1 → L

a H stands for HOMO and L for LUMO

The character of the spectrum changes dramatically with an increased number of CN 

groups in TPE(CN)5. The electron-withdrawing CN groups cause significant changes in the nature 

of the LUMO (Figure S1c), in which the electron density concentrates on the CN-substituted 

phenyl rings. As a result, there is a vanishing spatial overlap between HOMO and LUMO, leading 

to a negligible oscillator strength for the first excited state. The electron-withdrawing CN groups 

stabilize the LUMO and consequently shift the absorption spectrum's origin to lower energies. The 

higher excited states, resulting from the HOMO → LUMO+1 (second excited state) and LUMO+2 

(third excited state), are even more affected, being now in the same energy range as the first excited 

state and more intense. Although all excitation energies shift to larger values with LC-DFTB2, this 

method gives similar absorption spectra characters in both systems. 

The ωB97XD calculations do not predict dramatic changes in the spectra with additional 

OH- functionalization (Table S4), resulting in the same spectra characters as TPE(CN)5. On the 

contrary, the changes in the LUMO character of TPE(CN)5(CF3), in particular a sizeable 

contribution from the central carbon atoms, (Figure S1e), increase the orbital overlap between 

HOMO and LUMO and thus the oscillator strength value of the first excited state (Table S5). 

Comparing the character of the spectra across the investigated TPE(CN)5 systems shows a 

prevailing effect of the CN- over the OH- and CF3- groups. 

It is important to note that LC-DFTB2 calculations provide the same characteristics in 

terms of energy gaps of individual states and oscillator strengths introduced by OH and CF3 

functionalization; the excitation energies of the latter system are, however, underestimated by ~0.8 

eV with respect to those obtained with the ωB97XD functional. This unusual large deviation of 

the DFTB results in this case is certainly related to the absence of the long-range correction and 

the use of a different parametrization for fluorine.

Table 4 and Tables S6 to S11 compare the results of the LC-DFTB2 and ωB97XD 

calculations of the absorption spectra of group II TPE functionalized compounds containing OH 
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group and additional CHO, COOH, and CONH2 groups. As in the previous cases, the 

functionalization lowers the excitation energies and the oscillator strengths. Contrary to CN-

functionalized TPEs, the discussed excited states result in several instances from energetically 

lower occupied orbitals, e.g., HOMO-1 and HOMO-2. Still, the electronic transitions in these 

states appear solely within the π-system. 

Comparison of LC-DFTB2 and ωB97XD shows again a reasonably good agreement. In 

most cases, the differences in the excitation energies are within 0.2 eV, and the largest differences 

do not exceed 0.4 eV. Also, the character of spectra in terms of oscillator strengths are described 

similarly. 

3.3 S1 state properties

The fluorescence spectra of TPE and functionalized TPE systems are evaluated based on the 

vertical emission energies starting from the optimized geometries of the S1 state. The geometry 

changes in the S1 excited states are primarily discussed based on the results obtained with ωB97XD 

optimization. The LC-DFTB2 method gives very similar results. 

Table 1 and Table 2 compare the torsional angles obtained from S1 excited-state optimization 

for TPE and group I, and group II substitutions, respectively, with the respective ground state 

values. The corresponding adiabatic energies and the vertical emission energies are displayed in 

Table 5 and Table 6, respectively. The torsion around the central ethylene double bond of all TPE 

and CN-functionalized TPE systems deviates significantly from the ground-state planarity upon 

excitation. The distortion is most pronounced in non-functionalized TPE, resulting in the dihedral 

angle of ~103o for the S1 state at the ωB97XD level in comparison to 174 for the ground state. 

The CN-functionalization reduces the distortion somewhat, leading to the dihedral angles of ~123o 

and ~137o for TPE(CN) and TPE(CN)5, respectively. Additional substitutions with OH and CF3 

groups further restrict the distortion; the ωB97XD optimization gives values of only 141o and 165o 

for TPE(CN)5(OH) and TPE(CN)5(CF3), respectively. The TD-LC-DFTB2 calculations lead in 

these cases to smaller torsional angles for the S1 state where available (TPE(CN): 114, TPE(CN)5: 

126).

The phenyl rings of TPE, which are significantly rotated with respect to the ethylene π-

bond in the ground state (dihedral angle of ~53o), are planarized in the S1 minimum to ~20o. The 

situation is similar for free phenyl rings of TPE(CN) and TPE(CN)5 (Table 1). The planarization 
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is also observed in functionalized phenyl rings, although to a smaller extent. However, due to the 

larger distortion of these rings in the ground state, the resulting reduction of the dihedral angle in 

the S1 minima is still more significant than that of non-functionalized phenyls. Additional 

functionalization with OH and CF3 groups provides similar pictures. The TD-LC-DFTB2 method 

leads to similar results concerning the changes from S0 to S1 in the torsional angles of the phenyl 

rings.

The ωB97XD adiabatic S0/S1 energy differences for TPE and the group I compounds 

(Table 5) show a relatively narrow energy range (0.6 – 1.2 eV) of S1 minima stabilization energies 

across the systems, while there is an even larger red-shift in vertical emission spectra within the 

range of 1.2 - 2.6 eV. The increasing emission energy in the order TPE < TPE(CN) < TPE(CN)5 

< TPE(CN)5(OH) < TPE(CN)5(CF3) correlates reasonably well with the changes of the ethylene 

torsional angle, with the largest difference for TPE (70o) and the smallest for TPE(CN)5(CF3) (15o). 

LC-DFTB2 results show the same trends; however, the emission energies tend to be 

underestimated compared to ωB97XD values by 0.4-0.6 eV. 

The torsional angle around the central ethylene π-bond of group II OH-, and CHO-, COOH- 

and CONH2-functionalized TPE changes from ~180o in the ground state by only ~10o in the S1 

excited state of singly functionalized TPE's (TPE(OH)(CHO), TPE(OH)(COOH), 

TPE(OH)(NH2)). The angle remains almost unchanged in doubly functionalized TPE's 

(TPE(OH)2(CHO)2, TPE(OH)2(COOH)2, TPE(OH)2(NH2)2). Similarly, the changes in the dihedral 

angles of the phenyls rings are smaller in all systems, not larger than 20o (cf. the changes of ~ 33o 

for non-functionalized phenyls). The smaller flexibility results from both the bulky character of 

the functional groups and hydrogen bonds formed in these systems. Analysis of the singly 

functionalized systems shows the existence of two hydrogen bonds (taking a threshold value of 

2.5 Å for the X-HA proton donor/acceptor bond as the definition of a hydrogen bond, Table 2) 

in both S0 and S1 minima, with slightly increased distances in the latter structures. The number of 

hydrogen bonds increases in all doubly functionalized TPE systems upon excitation. This indicates 

a strengthening of the hydrogen-bonded chain in the excited states, which, in turn, affects the 

excited state relaxation dynamics (see below). 

In line with significantly smaller changes of geometry parameters in the S1 states, the 

stabilization energies in S1 states and the red-shifts of the emission spectra for the group II 

compounds calculated with ωB97XD are smaller than CN-functionalized (group I) TPE systems. 
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Group II stabilization energies, taken as a difference between vertical and adiabatic excitation 

energies, are in the range of 0.5 – 0.8 eV (see Table 6) as compared to above-mentioned 

stabilization energies of 0.6 – 1.2 eV for group I compounds. Similar results are obtained with LC-

DFTB2, again with an underestimation of the emission by 0.2-0.6 eV.

Tables 5 and 6 also show the values of the oscillator strengths calculated for vertical 

emission from the S1 minimum. Contrary to the absorption spectra, in which the oscillator 

strengths significantly diminish upon functionalization (Tables S1-S11), for emission, these values 

are even somewhat larger for group I as compared to the oscillator strength of TPE compounds 

and are only slightly smaller (with some exceptions) for group II compounds. It should be noted 

that the intensity of the fluorescence emission is actually proportional to .73 The  2~ E f

additional dependence on the excitation energies does not influence the conclusion that the 

fluorescence intensity of the substituted TPE compounds should be comparable to the one of TPE. 

Table 5. Adiabatic S0/S1 energy differences, vertical emission energies and oscillator strengths for 

TPE and CN-substituted compounds.

System Method Adiabatic
energy
(eV)a

Emission
energy
(eV)

Oscillator 
strength

LC-DFTB2 --b

4.67
--b --bTPE

ωB97XD 3.30
4.34

1.24 0.106

TPE(CN) LC-DFTB2 3.00
4.69

1.15 0.079

ωB97XD 3.00
4.23

1.72 0.131

TPE(CN)5 LC-DFTB2 3.05
4.16

1.62 0.220

ωB97XD 2.81
3.69

2.00 0.214

TPE(CN)5OH LC-DFTB2 --b

3.65
--b --b

ωB97XD 2.70
3.78

1.75 0.144

TPE(CN)5CF3 DFTB2-halorg-
0-1

2.70
3.01

2.35 0.261

ωB97XD 3.23 2.60 0.252
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3.85
aVertical absorption energies of S1 states are given in italics, bgeometry optimization not 
converged for the S1 state.

Table 6. Adiabatic S0/S1 energy differences, vertical emission energies and oscillator strengths for 

TPE substituted by OH-, and CHO-, COOH- and CONH2- groups.

System Method Adiabatic 
energy
(eV)a

Emission 
energy
(eV)

Oscillator 
strength

TPE(OH)(CHO) LC-DFTB2 3.07
3.67

2.16 0.008

ωB97XD 3.03
3.72

2.31 0.029

TPE(OH)(COOH) LC-DFTB2 --b

4.34
--b --b

ωB97XD 3.41
4.19

2.55 0.077

TPE(OH)2(CHO)2 LC-DFTB2 2.69
3.98

1.79 0.010

ωB97XD 3.01
3.62

2.36 0.030

TPE(OH)2(COOH)2 LC-DFTB2 3.53
4.15

2.59 0.096

ωB97XD 3.47
4.08

2.82 0.074

TPE(OH)(CONH2) LC-DFTB2 3.50
4.48

2.47 0.027

ωB97XD 3.55
4.33

2.65 0.095

TPE(OH)2(CONH2)2 LC-DFTB2 3.41
4.15

2.45 0.021

ωB97XD 3.46
3.98

2.90 0.123

aVertical absorption energies of S1 states are given in italics, bgeometry optimization not converged 
for the S1 state.

3.4 Photodynamics simulations. 

The selection of the initial conditions for each system, particularly the initial excitation 

energy, has been made based on their simulated absorption spectra (see Figure 3 and Figure 4 for 
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calculated spectra and the energy window used for the initial conditions in dynamics simulations). 

All spectra reveal a significant vibrationally broadening shape. The shapes of the absorption 

spectra simulated with the LC-DFTB2 (Figures S2 and S3) and ωB97XD (Figure 3 and Figure 4) 

methods are very similar. Due to the large energy gap between the first and higher excited states 

in TPE (Figure 3 and Figure S2, Table S1), the initial energy spans only the former. In the other 

systems in which this gap reduces, the initial energy overlaps with higher excited states (Figure 3 

and Figure S2 for group I, Figure 4 and Figure S3 for group II, and Tables S2-S11). With Kasha's 

rule in mind, one can expect the critical relaxation events happening between the ground state and 

the first excited states. Thus, and also for computational efficiency, the dynamics simulations start 

from the S1 state in each case.   

Figure 3. Simulated spectra for group I substituted TPE compounds: a) TPE, b) TPE(CN)2, c) 

TPE(CN)5, d) TPE(CN)5OH, e) TPE(CN)5CF3. Vertical black lines indicate the boundaries of the 

window for the initial conditions of the dynamics; vertical red lines specify the calculated vertical 

excitation energies. 
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Figure 4. Simulated spectra for group II substituted TPE compounds: a) TPE(OH)(CHO), b) 

TPE(OH)(COOH), c) TPE(OH)(CONH2), d) TPE(OH)2(CHO)2, e) TPE(OH)2(COOH)2, f) 

TPE(OH)2(CONH2)2. Vertical black lines indicate the boundaries of the window for the initial 

conditions of the dynamics; vertical red lines specify the calculated vertical excitation energies. 

Both ωB97XD and LC-DFTB2 dynamics simulations show a fast S1 → S0 decay of TPE 

and TPE(CN) within about 500 fs (Table 7, Figure S15a,b, S16a,b). 20% of the trajectories of the 

TPE dynamics relaxed within less than 200 fs in the dynamics simulations with LC-DFTB2. The 

photodynamics and the relaxation process are analyzed by monitoring the energy gap between the 

ground and first excited states (ΔE(S1/S0)), the ethylene torsional angle ethyl, and the torsional 

angle phe of the phenyl rings. In the case of longer-lived trajectories (~500 fs), the relaxation 

proceeds (Figure 5, S7-S10) via a simultaneous motion characterized by a monotonic increase of 

the ethylene torsional angle from planarity to ~80o and a faster movement of the phenyl rings 

during which the torsional angles first decrease from ~50o to ~20o at about 200 fs and then turn 

back to higher values at about 300 fs before they reach values of ~0o. The above-mentioned short-

lived trajectories relaxing within 200 fs correspond to photocyclization. Functionalization in 

TPE(CN)5 slows down the relaxation motion (see Figure 6, S12 and Figure 7, S11, S29c for 

ωB97XD and LC-DFTB2 simulations). It takes about 750 fs to reach the plateau at ~140o for the 

torsional angle of CN-substituted phenyl rings (Figure 6d and Figure 7d). The motion of 

unsubstituted phenyl rings is much faster, with the dihedral angle oscillating initially between ~50o 
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to 0o (Figure 6c and Figure 7c). In the LC-DFTB2 simulations, this value stabilizes at ~ 1.5 ps and 

the system hops to the ground state. The changes in ΔE(S1-S0) follow similar patterns for the 

ωB97XD and LC-DFTB dynamics. In the former case, the energy difference decreases quite 

monotonically and reaches a value of somewhat less than 2 eV at the end of the simulation time. 

In the latter case, a similar, even stronger, decrease can be seen until 1 ps. Then the energy 

difference fluctuates around 1 eV until it drops to the ground state at the average hopping time of 

1.550 ps (Figure 7). Based on the similarity of the time evolution of ΔE(S1-S0) observed for LC-

DFTB2 and ωB97XD within 1 ps, we expect that the lack of deactivation to the ground state 

obtained with the ωB97XD dynamics simulation results from the too short simulation time (1 ps) 

rather than from differences in the electronic structure description between the two methods. Thus, 

also the ωB97XD dynamics is expected to lead to radiationless deactivation to the ground state. 

Comparison of the TPE, TPE(CN), and TPE(CN)5 relaxation courses indicates that the motion of 

CN-substituted phenyl rings rule the overall relaxation process. 

Figure 5. Time evolution of the energy gap E(S1/S0) and the torsional angles (ethyl) and (phe) 

for TPE using ωB97XD dynamics simulations of one typical trajectory.
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Figure 6. Time evolution of the energy gap E(S1/S0) and the torsional angles (ethyl) and (phe) 

for TPE(CN)5 using ωB97XD dynamics simulations.

Figure 7. Time evolution of the energy gap E(S1/S0) and the torsional angles (ethyl) and (phe) 

for TPE(CN)5 using LC-DFTB2 dynamics simulations.

Table 7. Fraction of trajectories in S1, characterization of structures at hopping time and average 

hopping times thop for TPE, and functionalized TPE compounds derived from surface hopping 

dynamics performed at the ωB97XD and LC-DFTB2 levels, respectively. 
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S1 
stateb

CCdist/Planarc Planard ESPTe Pyramf

% % thop % thop % thop % thop
ωB97XDa

TPE 0 100 516 -- -- --
TPE(CN) 0 100 570 -- -- --
TPE(CN)5 [100]g

TPE(CN)5(OH) 40 -- -- 60 140 --
TPE(CN)5(CF3) 100 -- -- -- --
LC-DFTB2a

TPE 0 80 507 20 157 -- --
TPE(CN) 0 100 501 -- -- --
TPE(CN)5 5 95 1519 -- -- --
TPE(CN)5(OH)h 90 5 5000 -- -- --
TPE(CN)5(CF3) 100 -- -- -- --

ωB97XDa

TPE(OH)(CHO) 0 -- 5 802 95 117 --
TPE(OH)(COOH) 0 -- -- 100 146 --
TPE(OH)(CONH2) 15 -- -- 85 326 --
TPE(OH)2(CHO)2 0 -- -- 100 159 --
TPE(OH)2(COOH)2 85 -- -- 15 374 --
TPE(OH)2(CONH2)2 40 -- -- 60 518 --
LC-DFTB2a

TPE(OH)(CHO) 25 5 1684 25 781 20 278 25 321
TPE(OH)(COOH) 10 -- 30 136 50 131 5 396
TPE(OH)(CONH2) 20 -- 60 247 25 212 --
TPE(OH)2(CHO)2 50 -- -- 45 274 5 1589
TPE(OH)2(COOH)2 70 -- -- 30 413 --
TPE(OH)2(CONH2)2 10 -- 10 1058 80 630 --

aThe simulation time: 1ps (ωB97XD) and 2 ps (LC-DFTB) unless indicated otherwise; bthe 
fraction of trajectories which remains in the S1 state during the whole simulation; c-fthe fraction of 
trajectories and the average hopping time (in fs) that relax via a combined ethylene bond 
distortion/phenyl ring planarization (c); phenyl ring planarization (d); excited-state proton transfer 
(e); pyramidalization of the central CC double bond (f); gestimated strong reduction for longer 
simulation time (see text for explanation)  hthe simulation time 5 ps. 

The additional functionalization leading to TPE(CN)5(CF3) and TPE(CN)5(OH) show 

strikingly different pictures. The former's relaxation dynamics shows no tendency for S1 → S0 

relaxation. Indeed, all trajectories remain in the S1 state for the whole simulation time, i.e., 1 ps 

(ωB97XD) (Figure S5a, S13) and 2 ps (LC-DFTB2) (Figure S6a, S14). Minimal fluctuations of 

torsional angles of the substituted phenyl rings (Figures S5c,d and Figures S6c,d) in comparison 
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to the respective angles in TPE(CN5) demonstrate the steric hindrance due to the CF3 group. 

Moreover, the fact that functionalization with one CN group does not change the dynamics course 

of TPE via complete radiationless deactivation and functionalization with five CN groups only 

slows down the nonradiative relaxation implies that the electron-withdrawing effect does not play 

any significant role in the relaxation dynamics. Our results show significant differences between 

the results of the two computational methods for TPE(CN)5(OH) (Table 7, Figures S15d and S16c). 

While the ωB97XD simulations predict ultrafast relaxation dynamics, with the averaged hopping 

time of 140 fs for 60% of trajectories and 40 % of trajectories surviving 1 ps, all trajectories stay 

in the S1 state in the LC-DFTB2 simulations, except two which relax at ~4.5 ps. The time 

evolutions of the ethylene and CN-phenyl torsional angles are similar; the motion of OH-phenyl 

rings is suppressed and slower than unsubstituted phenyls in TPE(CN)5 due to hydrogen bonds 

formed between OH and CN groups of neighboring phenyls (Figures S17, S18). While these 

hydrogen bonds remain bonded in all trajectories of the LC-DFTB2 dynamics simulations, the 

relaxation in the short-lived trajectories in ωB97XD simulations is accompanied by OH → CN 

ESPT (Figure 7). 

The effect of OH-functionalization is further demonstrated by the relaxation of the OH-

functionalized systems (Figure S20). Except for TPE (OH)2(COOH)2 (see below), the majority of 

trajectories relax to the ground state within ~ 200 fs for most systems. The short-time course of 

these dynamics does not allow for significant changes in ethylene and phenyl torsional angles.  

The ESPT is the driving force for the S1 → S0 decay in the vast majority of TPE(OH)(CHO) and 

TPE(OH)2(CHO)2 and TPE(OH)(COOH) ultrafast relaxation, on the timescale less than 200 fs, 

obtained with the ωB97XD simulation Figure S20a,b,e). Similar fast intermolecular ESPT 

processes have also been observed in the S1 dynamics of 3-hydroxyflavone connected to water 

clusters.48 The OH → CHO transfer realizes the ESPT. Additionally, photocyclization leading to 

furan formation via (CHO) has been observed as an additional possible relaxation channel. 

However, this channel has been observed for only one trajectory (Table 7), TPE(OH)(CHO) in the 

ωB97XD dynamics. 

LC-DFTB2 dynamics simulations provide a somewhat modified picture (Figure S19). 

Despite the fast nonadiabatic deactivation to the ground state, realized via ESPT and 

photocyclization, accounting for 20% of trajectories together, for TPE(OH)(CHO) about the same 

number of trajectories (30%) deactivate via the pyramidalization of the ethylene subunit. This 
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happens also to a lesser extent for TPE(OH)(COOH) and TPE(OH)2(CHO)2. Notably, there are 

still trajectories that remain in the S1 state during the simulation time of LC-DFTB2 dynamics. As 

in the wB97XD dynamics simulations, the ethylene torsional angle changes do not show any 

tendency for the comparable C-C distortion observed in TPE and the group I compounds. An 

increasing number of hydrogen bonds in the systems correlates with a more significant fraction of 

trajectories that survive in the excited state during the LC-DFTB2 simulations, particularly 25% 

and 50% in TPE(OH)(CHO) and TPE(OH)2(CHO)2. A network of co-existing hydrogen bonds 

makes the system less flexible, as it is apparent from the time evolutions of all monitored angles 

of longer-lived trajectories and those remaining in the excited state (Table 7). 

The stabilizing effect of the increase in the number of hydrogen bonds on the S1 state is 

even more pronounced for OH- and COOH-functionalization when comparing TPE(OH)(COOH) 

and TPE(OH)2(COOH)2 (compare Figures S20e and S20f). In the former case, 95% (19 trajectories, 

one decays at ~ 400 fs) and 80% of trajectories relax within 200 fs in the ωB97XD and LC-DFTB2 

simulations, respectively. Also, in this case, the OH → COOH proton transfer prevails as the 

driving force for the S1 → S0 relaxation. In particular, 100% and 50% of trajectories relax via this 

mechanism using the ωB97XD and LC-DFTB2 methods, respectively. On the other hand, the 

photodynamics of TPE(OH)2(COOH)2 proceeds in a significantly slower way, with only 15% and 

30% relaxing to the ground state in ωB97XD and LC-DFTB2 simulations, respectively. As in the 

previous cases, the changes in torsional angles are largely suppressed, and the multiple hydrogen 

bonds do not allow for a fast relaxation due to ESPT. 

ESPT is the leading relaxation mechanism also in the case of the ωB97XD dynamics of 

TPE(OH)(CONH2) and TPE(OH)2(CONH2)2. (Figure S20c,d) Although 40% of trajectories 

survive in the S1 state of the latter system, the proton is transferred from OH to CONH2 at the later 

stage of the simulations, and one can expect that the relaxation to S0 will occur shortly. The same 

can be observed in 20% of trajectories of TPE(OH)(CONH2), surviving in the S1 state for 2 ps.  

The results of the LC-DFTB2 dynamics simulations (Figure S19c and d) correspond to those 

obtained with the ωB97XD method for TPE(OH)2(CONH2)2. Similar to OH- and CHO-, COOH-

functionalization, the photocyclization prevails also in the LC-DFTB2 dynamics simulations of 

TPE(OH)(CONH2) (Table 7).

The above-described results show dramatic effects of hydrogen bonds that restrict the 

motion of the whole system but introduce the ESPT mechanism capable of ultra-fast relaxation. 
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The ESPT occurs in all cases via the proton transfer from the phenol ring despite a significantly 

stronger acidity of C6H5COOH than C6H5OH in the ground state. Comparison of the dynamics 

simulations for single- and double functionalization of the phenyl rings (e.g., TPE(OH)(CONH2) 

and TPE(OH)2(CONH2)2) shows blocking of the photocyclization mechanism in the latter due to 

the more complex hydrogen bond formation, resulting in only one available relaxation mechanism, 

i.e., ESPT. The dynamics of TPE(OH)2(COOH)2 provides promising results, showing that the 

hydrogen bond chain can stabilize the excited state under the circumstances in which steric 

hindrances combine with the strengths of hydrogen bonds.

4 Conclusions

Two types of functionalization of TPE, using strongly electron-withdrawing CN groups 

and hydrogen bond-forming groups, were presented to determine their excited state properties and 

the possibilities to inhibit ultrafast deactivation to the ground state. The excited-state behavior of 

selected functionalized TPE-based compounds was studied by calculations of the optical spectra 

and photodynamics simulations using the ωB97XD and LC-DFTB2 methods. Good agreement 

between the two methods obtained from the calculations of absorption spectra and excited-state 

minima characterization justifies using the more approximate but computationally much more 

efficient DFTB method especially for photodynamics investigations for longer simulation times.  

Notably, the electronic transitions in excited states include for all types of substitutions 

solely π-orbitals. From the group I compounds based primarily on CN substitution, the 

functionalization with CN groups alone does not modify the character of the excited state dynamics 

of TPE in TPE(CN) and TPE(CN)5; it only slows down the relaxation process of the latter. The 

main relaxation process in these systems proceeds via simultaneous distortion of the ethylene π-

bond and planarization of the phenyl rings, eventually leading to photocyclization. When 

additional substitutions by CF3 groups are introduced (TPE(CN)5(CF3)), the radiationless 

deactivation to the ground state is completely quenched due to their bulky size keeping the 

molecule in the excited state for the whole duration of the simulation time. The analysis of the 

photodynamics of TPE(CN)5(CF3) with TPE(CN) and TPE(CN)5 leads to the conclusion that 

primarily steric effects are responsible for the restriction to reach the conical intersection. The 

effect of replacing the CF3 group by OH (TPE(CN)5(OH)) is twofold: restricted torsional 
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movement due to the hydrogen bonds formation between the OH and CN groups is completed by 

an ultrafast relaxation to the ground state due to OH → CN ESPT. Frequent ESPT processes were 

observed in the photodynamics of TPE functionalized with the second type of functional groups, 

able to form extensive hydrogen bonded networks. Co-existing hydrogen bonds completely block 

mechanisms based on internal movements making ESPT the only available relaxation mechanism. 

Comparison of the photodynamics simulations of singly- and doubly-functionalized 

(TPE(OH)(CHO), TPE(OH)(NH2), and TPE(OH)(COOH) vs. (TPE(OH)2(CHO)2, 

TPE(OH)2(NH2)2, and TPE(OH)2(COOH)2) show that excited states can be stabilized with the 

extension of the number of hydrogen bonds and, therefore, strongly inhibit the counter-productive 

ultrafast deactivation to the ground state.. Thus, our calculations demonstrate that either by 

systematic increase of bulkier groups or by introducing rigid hydrogen bonded networks, 

fluorescence of TPE compounds should be achievable in solution. Comparison of the dynamics 

simulations obtained with ωB97XD and LC-DFTB shows a larger preference of the former method 

for ESPT process for the excited state relaxation. Despite this difference, the results obtained with 

these methods lead to encouraging conclusions concerning the reliability of the latter method, 

which open up wide possibilities for applications in photodynamical simulations.
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