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Computational details

The ground state conformational search for the Prodan and C153 was carried out in the gas phase as reported
earlier.! For the lowest energy conformers of Prodan and syn-C153 full DFT geometry optimization in the gas and
solution phases (toluene, DMSO) at the B3LYP?3/6-311G(d,p)* level was carried out followed by vibrational normal
mode analysis to assess the nature of the stationary points. The lack of imaginary eigenvalues in harmonic vibrational
spectra was observed for each optimized structure. Therefore, the calculated stationary points represent true
minima on the potential energy surface. Solvent effects were included in the framework of the polarized continuum
model IEF-PCM>® as implemented in Gaussian09 package.” The internally stored values for dielectric constants of
toluene (2.3741) and DMSO (46.826) were used.

Dalton2015 software suite®® was used for all one-photon absorption (1PA), two-photon absorption (2PA) and change
of the permanent electric dipole moment (Au) calculations in solvent. The construction of dividing surface between
solute cavity and the bulk solvent was based on spheres defined for heavy atoms only to reduce the number of
intersections and achieve smoother convergence. This approach was successfully validated by comparison of the
respective results with default PCM calculations where one sphere on each individual atom was used.

We used three hybrid functionals, namely B3LYP, PBE0*® and CAM-B3LYP!! for TD-DFT*? calculations. Following
common practice,*"'> the calculations were based on B3LYP optimized geometry. In addition, the popular CAM-
B3LYP range-separated hybrid functional with the mild coulombic attenuation has been tuned to test its
performance for prediction of 1PA properties depending on the choice of internal parameters.

As have been reported on several occasions,'®'® the CAM-B3LYP in its default implementation (a = 0.19, = 0.46)
tends to introduce significant errors in prediction of the energies of electronic transitions. One possible reason
behind observed deviations was the lack of asymptotic behaviour in the long range limit. Therefore, it was suggested
to apply 100% exact Hartree-Fock exchange for the long range part (i.e. to keep a + =1 condition) and also to
decrease the value of the range separation parameter u. The default value for u is 0.33 while, according to recent
reports by Okuno et al.X® and Vivas et al.*, the value of 0.15 provided more reasonable excitation energies.

Thus, the careful tuning of CAM-B3LYP was carried out to reproduce the experimental 1PA maxima wavelengths as
exactly as possible. The values of parameter a varied between 0.01 and 0.19 while the value for f was calculated
from the asymptotic condition o+ f=1.

It has been reported?®?? that sometimes the experimental shapes of the absorption lines are significantly affected
by underlying vibrational modes and the maximum of the absorption band do not coincide with the vertical
excitation energies. In this work vibrationally-resolved electronic spectra were also computed for So — Si transitions.
The combination of tuned CAM-B3LYP functional and 6-311++G(d,p) basis set was selected for the Franck-Condon
Herzberg-Teller (FCHT) calculations. The geometries of ground state and first vertical excitation state were optimized
and frequency calculations have been performed in solvent under equilibrium conditions. The 1PA spectrum was
generated at T= 0 K, and both FC and HT transitions were included. To achieve a good spectrum convergence (at
least 89% for Prodan and 98% for C153) a maximum of 10° transitions were considered. The FCHT calculations were
carried out using Gaussian09 software.

To characterize the changes in electron density related to particular electronic transition the dominant natural
transition orbitals (NTOs) in solvent (DMSO) were calculated and visualized using Gaussian09 and GaussView
software packages.

The gas-phase 1PA excitation energies, transition moments and oscillator strengths were calculated at TD-DFT
(TD/B3LYP/TZVP) and second-order coupled-cluster (CC2)?3 with resolution of identity (ricc2)?* (CC2/def2-TZVPP?>-
27) |level of theory. For naphthalene, the SAC-CI?22%/TZVP level3 calculations using direct method were carried out as
well. The TD-DFT and SAC-CI calculations were based on Gaussian09 package, while Turbomole version 6.4%
software was used for CC2 calculations.
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The calculated 1PA/2PA parameters and Au values

Table S1 Calculated spectral properties of dominant So — S1 excitation for C153 in DMSO and in toluene.

Solvent Method Awpamax  f Au O2pn
[nm] (oscillator  [D] (transition
strength) probabilities)
DMSO B3LYP/6-311+G(d) 424 0.3787 6.26 7720
B3LYP/aug-cc-pVDZ 423 0.3783
CAM-B3LYP /6-311+G(d) 376 0.4903 6.61 8183
PBEO /6-311+G(d) 410 0.4059
mCAM-B3LYP (@=0.03 =0.97 u= 0.1) /6-311+G(d) 447 0.3219
mCAM-B3LYP (@=0.08 $=0.92 u=0.1) /6-311+G(d) 435 0.3483 6.24
mCAM-B3LYP (@=0.19 =0.81 u=0.1) /6-311+G(d) 410 0.4051 6.44 7904
CAM-B3LYP (@=0.01 £=0.99 u=0.125
m (2=0.01 =099 )/ 438 0.3386
6-311++G(d,p)
mCAM-B3LYP (2=0.08 =0.92 u=0.125) /
423 0.3738 6.37 7654
6-311++G(d,p)
mCAM-B3LYP (@=0.03 $=0.97 u=0.125) /6-311+G(d) 433 0.3472
mCAM-B3LYP (a=0.08 3=0.92 u= 0.125) /6-311+G(d) 422 0.3723 6.40 7683
mCAM-B3LYP (@=0.19 =0.81 u= 0.125) /6-311+G(d) 401 0.4245
mCAM-B3LYP (a=0.03 4=0.97 u= 0.15) /6-311+G(d) 419 0.3760 6.46 7704
mCAM-B3LYP (a=0.08 4=0.92 u= 0.15) /6-311+G(d) 410 0.3988 6.50
mCAM-B3LYP (@=0.19 =0.81 u= 0.15) /6-311+G(d) 392 0.4450
mCAM-B3LYP (2=0.03 $=0.97 u= 0.40) /6-311+G(d) 351 0.5460
mCAM-B3LYP (a=0.19 4=0.81 u= 0.40) /6-311+G(d) 344 0.5614
toluene B3LYP/6-311+G(d) 408 0.3815 6.74 7837
CAM-B3LYP /6-311+G(d) 362 0.4915 6.64 7389
mCAM-B3LYP (a=0.08 =0.92 u= 0.125) /6-311+G(d) 405 0.3789 6.72 7493
CAM-B3LYP (¢=0.08 =0.92 u=0.125
m (0=0.08 =0.92 )/ 406 0.3807 667 7439
6-311++G(d,p)
mCAM-B3LYP (a=0.03 =0.97 u=0.15) /6-311+G(d) 402 0.3839 6.70 7375
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Table S2 Calculated spectral properties of dominant So — Si1 excitation for Prodan in DMSO and in toluene.

Solvent Method Apamax Au O2pn
[nm] (oscillator  [D] (transition
strength) probabilities)
DMSO B3LYP/6-311+G(d) 384 0.5039 8.64 15900
CAM-B3LYP /6-311+G(d) 333 0.5332 7.35 9578
PBEO /6-311+G(d) 370 0.5192
mCAM-B3LYP (@=0.03 =0.97 u=0.15) /6-311+G(d) 375 0.4215
mCAM-B3LYP (2=0.08 =0.92 u=0.15) /6-311+G(d) 366 0.4382 7.64 10700
mCAM-B3LYP (@=0.19 =0.81 u= 0.15) /6-311+G(d) 349 0.4712
mCAM-B3LYP (@=0.08 $=0.92 u=0.15) /6-311++G(d,p) 367 0.4267 7.57 10400
mCAM-B3LYP (@=0.12 $=0.88 u= 0.15) /6-311++G(d,p) 361 0.4388 7.50 10000
mCAM-B3LYP (@=0.15 8=0.85 u=0.15) /6-311++G(d,p) 356 0.4476 7.44 9796
mCAM-B3LYP (@=0.03 $=0.97 u=0.175) /6-311+G(d) 363 0.4242 7.43 9810
mCAM-B3LYP (@=0.08 £=0.92 u=0.175) /6-311+G(d) 356 0.4400
mCAM-B3LYP (@=0.19 $=0.81 u=0.175) /6-311+G(d) 341 0.4710
CAM-B3LYP (a=0. =0.97 u=0.17
m (2=0.03 =0.97 = 0.175) / 364 04111
6-311++G(d,p)
mCAM-B3LYP (@=0.08 5=0.92 u=0.175) /
357 0.4266 7.28 9180
6-311++G(d,p)
mCAM-B3LYP («=0.08 £=0.92 u=0.175) /aug-cc-pVDZ 358 0.4079
mCAM-B3LYP (@=0.03 $=0.97 u= 0.40) /6-311+G(d) 310 0.5102
mCAM-B3LYP (@=0.19 =0.81 u= 0.40) /6-311+G(d) 305 0.5292
toluene B3LYP/6-311+G(d) 371 0.4503 8.57 13200
CAM-B3LYP /6-311+G(d) 325 0.4460 6.69 6985
mCAM-B3LYP (@=0.08 5=0.92 u= 0.15) /6-311+G(d) 356 0.3721 7.21 8081
mCAM-B3LYP (=0.08 $=0.92 u= 0.15) /6-311++G(d,p) 357 0.3599 7.10 7731
mCAM-B3LYP (@=0.15 =0.85 u= 0.15) /6-311++G(d,p) 347 0.3753 6.91 7208
mCAM-B3LYP (@=0.03 =0.97 u=0.175) /6-311+G(d) 353 0.3545 6.93 7230
mCAM-B3LYP (a=0.08 =0.92 u=0.175) /
347 0.3528 6.70 6624

6-311++G(d,p)
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Experimental 1PA spectra with transition energies and oscillator strengths from TD-DFT PCM
calculations

The experimental linear absorption spectra in DMSO along with corresponding stick spectra from PCM/mCAM-
B3LYP/6-311++G(d,p) calculations are presented in Figure S1 and Figure S2 for C153 and Prodan, respectively. For
C153 the results from PCM/B3LYP/6-311++G(d,p) calculation are also included for comparison. Only transitions with
calculated oscillator strengths above 0.005 are shown out of 10 vertical excitations calculated for each case.
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Figure S1 Experimental 1PA spectrum of C153 in DMSO (black line) with transition energies and oscillator strengths
from B3LYP (red sticks) and mCAM-B3LYP (a=0.08 $=0.92 u= 0.125, blue sticks) calculations at 6-311++G(d,p) level
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Figure S2 Experimental 1PA spectrum of Prodan in DMSO (black line) with transition energies and oscillator strengths
from PCM/mCAM-B3LYP (a=0.08 3=0.92 = 0.175, blue sticks) and PCM/mCAM-B3LYP (a=0.08 $=0.92 u=0.15, green
sticks) calculations at 6-311++G(d,p) level

It is worth mentioning that the reasonable match is observed not only for the low-lying transitions but for the 240
to 300 nm range as well, although the latter should be interpreted with some caution.
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Frontier orbitals

We used natural transition orbitals (NTO) to analyse the spatial distribution of the orbitals involved in electronic
excitations in the low-energy region. The hole (left) and particle (right) NTOs for the dominant transitions from TD-
DFT calculations in DMSO are presented in Figure S3 and Figure S4.

Hole Particle (electron)

First
excitation
A=0.99

Figure S3 The NTOs of the first vertical excitation of C153 in DMSO at PCM/mCAM-B3LYP (@=0.08 $=0.92 u=0.125)/
6-311++G(d,p) level. A is the contribution of NTO in particular transition.
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Figure S4 The NTOs of the first two vertical excitations of Prodan in DMSO at PCM/mCAM-B3LYP («¢=0.08 $=0.92
u=0.15)/ 6-311++G(d,p) level. A is the contribution of NTO in particular transition

So — Si1 transition of C153 has CT character, the electron density moves from donor (nitrogen and carbon atoms in
benzene ring) to acceptor (carbonyl group, oxygen and carbon atoms in pyran ring). The comparison of the NTOs
shown in Figure S3 with canonical molecular orbitals of C153 described by Mihlpfordt et al*! reveals that orbitals 80
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and 81 in NTO representation closely resemble HOMO and LUMO, respectively. Therefore, the HOMO — LUMO
orbital transition provides the dominant contribution to the first singlet excitation in C153.

Prodan has two vertical excitations with non-zero oscillator strengths in the low-energy region. As can be seen from
Figure S4, the first excitation clearly has CT character, the electron density moves from nitrogen to oxygen. The
corresponding one-electron excitation involves transitions from HOMO — LUMO (83.0%) and HOMO — LUMO+1
(13.8%). The NTOs 61 and 62 are similar to HOMO and LUMO, respectively as presented by Alam et al.3? The second
excitation involves transitions from HOMO — LUMO+1 (64.7%), HOMO-1 — LUMO (22.2%) and HOMO — LUMO
(9.2%) and it could be characterized as partial intramolecular charge transfer (ICT) transition.

A comparison of the respective NTOs for the first vertical transition indicates that ICT character for C153 and Prodan
is rather different. For Prodan the ICT is quite local; NTOs of C153 show slightly larger extent of ICT. These trends are
consistent with the results of calibration where the different optimal values of the range-separating parameter p in
CAM-B3LYP parameter set have been established for C153 and for Prodan.
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Experimental 1PA spectra and deconvolution details

The combined symmetric/asymmetric Gaussian deconvolution of the experimental 1PA spectra was used to
determine the FWHM of both 1PA and 2PA spectra. The results of Gaussian deconvolution of the experimental 1PA
spectra presented in Figure S5 point to slight differences between the experimental 1PA spectra and those obtained
from the peaks of the closest Gaussian curves. For C153, which was initially fitted with three Gaussian functions
providing a single asymmetric Gaussian, the 1PA FWHM values are 0.51 eV and 0.47 eV in DMSO and toluene,
respectively. Due to more complicated structure of Prodan spectra the well resolved 1PA spectrum measured in
cyclohexane was selected as a reference for deconvolution procedure. The spectrum comprises at least two
components - a dominant and a minor band represented by three and one Gaussians, respectively. The
corresponding fitted 1PA widths are 0.57 and 0.27 eV in DMSO and 0.51 and 0.21 eV in toluene.

Prodan 1PA (cyclohexane)

intensity (arb. units)

300 320 340 360 380 400 420
A, (nm)

1PA
C153 1PA (toluene) Prodan 1PA (toluene)
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€153 1PA (DMSO) Prodan 1PA (DMSO)
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Figure S5 Comparison between the experimental 1PA spectra (black) and spectra from Gaussian deconvolution for
C153 (red dashed line) in toluene and DMSO and for Prodan (red line) in toluene and DMSO, respectively. The
corresponding contributions were evaluated by fitting the experimental extinction spectrum with a superposition of
three bands (green lines) for C153. In case of Prodan the spectrum comprises at least two components - a dominant
(red dashed line, represented by three Gaussians) and a minor band (green dashed line).
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The results of Gaussian deconvolution of the experimental 2PA spectra are presented in Figure S6. 1PA fit
parameters was used for fitting experimental 2PA spectra and the 2PA FWHM values are assigned as a half of
corresponding 1PA FWHM values.
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Figure S6 Comparison between the experimental 2PA spectra (black) and spectra from Gaussian deconvolution for
C153 (red dashed line) in toluene and DMSO and for Prodan (red line) in toluene and DMSO, respectively. In case of
Prodan the corresponding contributions were evaluated by fitting the experimental extinction spectrum with a
superposition of two bands (dashed lines).
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Vibronic spectra from FCHT calculations

In the present work, the FCHT approximation was used to compare the vibronic band structure with the
experimental 1PA spectra in low-energy region. Two values of HWHM were used for convolution of FCHT vibronic
spectra by Gaussian broadening function to compare the shapes and positions with corresponding experimental
absorption spectrum. According to the data reported by Horng et al*® the vibronic effects in polar solvents like DMSO
should be better accounted for by using the higher value of Gaussian line width selected for convolution as opposed
to more narrow line width being appropriate for the solvents of low polarity. In this study the Gaussian functions
with HWHM = 300 cm™ and 600 cm™ were used to simulate the broadening in toluene. HWHM values of 325 cm?
and 950 cm™ were applied for DMSO.

The FCHT spectra were shifted to match the experimental spectra in a similar way as described in Muniz-Miranda et
al.3* The magnitude of the shift for computed spectra was optimized for the spectrum with larger HWHM value while
the convoluted spectrum obtained with smaller value of HWHM provides a good overview of vibronic features of
the spectra. It is important to note that using equilibrium solvation contribution for computing relaxed electronic
excitations and corresponding adiabatic hessians, the procedure that is normally implied by FCHT approach, may
introduce some deviations from experimental conditions which are probably better aligned with the concept of non-
equilibrium solvation. The observed spectral shifts could originate from this misalignment. The computed FCHT
spectra and their experimental counterparts are presented in Figure S7.

The FCHT calculations bring out the differences in linear spectra. The shape of the calculated FCHT spectrum of C153
in toluene with HWHM 600 cm™ correctly describes the shape and asymmetry of the corresponding experimental
spectrum. Experimental absorption spectrum of Prodan is more complicated due to two vertical excitations in the
low-energy band. According to our TD-DFT calculations relying only on the main CT excitation, the vibronic modes
of higher intensity are located in the region of experimental absorption maxima and they could be responsible for
the expanded shape of the spectra in that region.

S10



C153 1PA (toluene) Prodan 1PA (Toluene)

intensity (arb. units)
intensity (arb. units)

C153 1PA (DMSO)

intensity (arb. units)

; . . J Lk b j'u i
360 380 400 420 440 460 480

400 420
Aipa (nm)

Figure S7 Comparison between the experimental 1PA spectra (black) and stick spectra from FCHT calculations,
shifted by -20, -43, -28, and -37 nm for C153 in toluene and DMSO and for Prodan in toluene and DMSO, respectively.
Gaussian distribution functions with HWHM = 300 cm™ (dashed line) and 600 cm™ (dotted line) were used to simulate

the broadening in toluene and HWHM = 325 cm™ (dashed line) and 950 cm™® (dotted line) in DMSO. The results of
the Gaussian deconvolution of the experimental 1PA spectra are also presented (green lines).
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The shape of the computed spectra of C153 in DMSO at HWHM =325 cm is similar with the one obtained by Improta
et al.?® at the PCM/PBE0/6-311+G(d,p) level of theory. However, the set of characteristic vibrational modes is
somewhat different. Only the main modes 18! and 88! are present in both cases (the superscript index stands for
the number of quanta associated with the given oscillator). This difference could be attributed to the different choice
of the functional and basis set: in the present study we calculated vibronic spectra at PCM/mCAM-B3LYP/6-
311++G(d,p) level.

In the present study the following vibrational modes have higher intensities: 181, 64! and 88! and 9%, 22%, 59! and
79 for C153 and Prodan, respectively (see

Figure S7 and Figure S8). Modes 18! of C153 and 9%, 22* of Prodan are close to 0-0 transition and can be characterized
as a complex motion of the large part of the molecule. In modes 64! of C153 and 59! of Prodan the dominant
displacements represent the bending movement of hydrogen atoms. The stretching motion of the carbonyl group is
dominant in modes 88! of C153 and 79 of Prodan.

mode 9!

mode 22!

mode 59°

mode 88!

mode 79!

Figure S8 Average direction and magnitude of displacements for the higher intensity modes for C153 (left) and
Prodan (right).

For C153 both 64! and 88! modes shape the second band of the computed FCHT spectra as can be seen from the
spectral line constructed with smaller HWHM value. In toluene, it is evident that vibronic couplings determine the
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asymmetry of the spectra in the So — S1 region (see Figure S7). Moreover, in addition to the obvious importance of
64! and 88 modes the mode 18! is providing substantial contribution to the lower energy 0 — 0 band and these three
similar intensity modes could make for the gentle shape of C153 absorption spectra in absorption maxima region. In
contrast, for Prodan the asymmetry is due to two separate low-lying electronic excitations as discussed before.
Noteworthy, the influence of carbonyl group stretching on C153 spectra (mode 88Y) is higher than its influence on
Prodan spectra (mode 79%).

In toluene the experimental 1PA spectral lines are narrow and sharp-angled; in DMSO the absorption spectra are
extended and have relatively smooth shape. It is important to note that these spectral shapes in toluene and DMSO
are reasonably reflected in the results of the calculations of vibronic spectra. For example, the range of the stick
spectra of C153 is 55.6 nm and 63.2 nm in toluene and DMSO, respectively.

The comparison of Gaussian deconvolution of the experimental 1PA spectra with the FCHT spectrum obtained with
smaller HWHM value provides further details on the experimental line shapes. It appears that for C153 the energy
of So — S1 0-0 excitation and the first vibronic band matches the low energy shoulder of experimental spectra. The
wavelengths of computational 0-0 component of So — S1 transitions after appropriate shift and the first peak of
deconvoluted experimental spectra (the value given in parentheses) for C153 are 430 nm (431 nm) and 444 nm (447
nm) in toluene and DMSO, respectively. The other vibronic bands are also in good agreement with the peak positions
of deconvoluted spectra. In contrary, for Prodan the vibronic features of the 0-0 band of the calculated spectra are
too distant to provide the reasonable match with experimentally observed low energy shoulder. However, the
vibronic bands of FCHT spectra provide accurate description of the maximum absorption region of the experimental
low-energy band and the corresponding high-energy shoulder. For the low-energy shoulder of this absorption band
no match can be established from TD-DFT approach.
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Fluorescence excitation anisotropy of Prodan
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Figure S9. Blue solid line — relative fluorescence excitation anisotropy of Prodan in polyethylene film at RT. Dashed
black line — normalised to peak linear absorption spectrum.

The fluorescence excitation anisotropy of Prodan was measured by embedding the dye into a solid polyethylene (PE)
film and measuring the fluorescence at 420 nm as a function of the excitation wavelength (both excitation and
emission spectral width 2.5 nm) using PerkinElmer LS 50B spectrofluorometer. The excitation polarizer was set to
vertical polarization and the fluorescence detection channel polarizer was set to vertical and horizontal direction.
Due to lack of the calibration of the fluorescence detection channel for the two polarizations, the anisotropy is
presented in relative units only. Nevertheless, the flat trend of the fluorescence anisotropy between 330 and 400
nm indicates that the angle between the absorption and fluorescence dipole moments is essentially constant in this
spectral range. Increased noise at wavelengths <320 nm is due to a low transmittance of the excitation polarizer at
the shorter wavelengths.
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