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P H Y S I C S

Dual-function artificial molecular motors performing 
rotation and photoluminescence
Lukas Pfeifer1†‡, Nong V. Hoang2†, Stefano Crespi1§, Maxim S. Pshenichnikov2*, Ben L. Feringa1,2*

Molecular machines have caused one of the greatest paradigm shifts in chemistry, and by powering artificial mechan-
ical molecular systems and enabling autonomous motion, they are expected to be at the heart of exciting new 
technologies. One of the biggest challenges that still needs to be addressed is designing the involved molecules 
to combine different orthogonally controllable functions. Here, we present a prototype of artificial molecular 
motors exhibiting the dual function of rotary motion and photoluminescence. Both properties are controlled by 
light of different wavelengths or by exploiting motors’ outstanding two-photon absorption properties using 
low-intensity near-infrared light. This provides a noninvasive way to both locate and operate these motors in situ, 
essential for the application of molecular machines in complex (bio)environments.

INTRODUCTION
Artificial molecular machines—molecules designed to perform con-
trolled, directional motion driven by external stimuli—are the basis 
of responsive and mechanical systems, which position them at the 
forefront of the chemical and materials sciences (1–9). The so-called 
second-generation Feringa-type motors (10) operate via alternating 
photochemical E/Z isomerization and thermal helix inversion (THI) 
steps of an overcrowded alkene (Fig. 1A) (11). A stable isomer is 
excited by light, which drives the population of a metastable state, 
from which thermal energy promotes the formation of a second stable 
isomer following the motor’s “power stroke” (12). Distinct chiral 
elements, i.e., stereogenic center and helicity, present in the system 
as well as the energy difference between stable and metastable iso-
mers (G) ensure unidirectionality of the rotation (12, 13).

Despite numerous seminal studies outlining potential applica-
tions of molecular motors (13–17), their use in more complex sys-
tems (e.g., biological systems) remains severely limited (18, 19). Two 
crucial challenges need to be addressed before they can reach their 
full potential. First, motors driven by low-intensity, low-energy light, 
ideally from the near-infrared (NIR) region, are required to avoid 
negative side effects like limited penetration depth and photochem-
ical side reactions related to the classically used ultraviolet (UV) 
light. Second, strategies to track their exact location in a noninva-
sive way need to be developed. A universal technique available in 
many biochemical laboratories, photoluminescence (PL) microscopy 
offers many exciting opportunities along this way (20, 21). We have 
previously reported a molecular motor operable by low-intensity 
NIR light, albeit with the help of an attached second chromophore 
acting as NIR light–sensitive antenna (22). However, the design of 
artificial molecular motors with intrinsic PL maintaining proper 
motor function using NIR irradiation has so far remained unexplored, 
because of the formidable challenges associated with combining two 

light-activated functions in one molecule (23). An earlier example 
used a fluorophore attached to a molecular motor core via a long 
linker to break up the two functions of rotation and PL over two 
separate and electronically isolated parts of the molecule (24, 25). 
In this example, rotation and PL were excited using UV and visible 
light, respectively.

The most elegant way to obtain a single molecule with two photo-
stimulated functions is for them to originate from different excited 
states (i.e., different local minima on the surface of the same excited 
electronic state or two different excited electronic states) of the same 
chromophore, which, therefore, remains relatively compact. With 
rotation in overcrowded alkene-type motors normally being trig-
gered by promotion to the S1 state followed by relaxation through a 
conical intersection with the S0 surface, PL can be achieved by either 
alternative, radiative relaxation from a separate, local minimum on 
the S1 surface or a higher-lying excited electronic state. In both cases, 
relaxation via photon emission must be the fastest process available 
for it to be efficient, outcompeting nonradiative relaxation pathways 
(26–28), which is extremely challenging as evidenced by the limited 
number of molecules displaying this property (29–35). Nevertheless, 
Aprahamian and co-workers have recently reported PL from an Sn 
(n ≥ 2) state in high-viscosity solvents in a series of boron difluoro-
hydrazone dyes (36). However, to this date, PL has never been com-
bined with the photochemical reactions key to the rotary motion of 
molecular motors in the same chromophore.

Here, we present a series of three NIR light–driven molecular 
motors showing intrinsic PL in addition to their motor rotation 
function. For two of these motors, judicious choice of wavelength or 
mode of excitation, one-photon excitation (1PE) versus NIR two- 
photon excitation (2PE), can be used to tune the selectivity between 
rotation and PL. The properties of the motors have been studied 
thoroughly using nuclear magnetic resonance (NMR), time-resolved 
PL spectroscopy, transient absorption (TA) spectroscopy, and time- 
dependent density functional theory (TD-DFT) calculations. All mo-
tors benefit from a high stability even under prolonged illumination 
as well as a large two-photon absorption (2PA) cross section (2).

RESULTS
Figure 1B shows a conceptual potential energy diagram of our second- 
generation dual-function molecular motors; this diagram is based 
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on the experimental results presented herein (vide infra). The right-
hand part of the diagram shows typical processes of light-driven 
molecular motors (37–39): Excitation to the S1 state leads to vibra-
tional and structural relaxation from the Franck-Condon (FC) re-
gion to a conical intersection (CI) with the S0 surface. In the 
productive pathway, the motor reaches a metastable isomer, which 
undergoes a second isomerization, i.e., a THI step to form a stable 
isomer (depending on the substitution pattern of the lower half of 
the motor, this isomer can be identical to the original stable isomer), 
which completes a 180° rotation. In the unproductive pathway, 
after passing a CI, vibrational relaxation takes the motor back to the 
original stable isomer. PL is realized via a separate PL pathway, 
originating from a putative more energetic local minimum located 
on the S1 surface. This geometry is reached via initial excitation 
to S2, followed by internal conversion (IC) to S1. To prevent relax-
ation to the same CI with the S0 surface giving rise to isomerization, 
these geometries are proposed to be separated by a potential energy 
barrier (40).

Design and fundamental properties of motors
For the design of our motors, we attached between one and three 
triphenylamine groups via short alkyne linkers to a central motor 
core (Fig. 1C). These substituents are known for increasing 2 of 
organic compounds (41–43). Because of their nitrogen lone pair, they 
can also act as donors in intramolecular transitions (e.g., charge- 
transfer transitions) potentially unlocking new photochemical reac-
tion pathways in addition to the →* transition, which initiates the 
rotation of these motors (44, 45).

Motors 1s to 3s were prepared in three to five linear steps from 
commercially available materials (see section S2). When dissolved 
in MeCN, their lowest-energy transition peaks were centered at 
438, 423, and 470 nm (max,s; Fig. 2A), respectively, showing a sub-
stantial red shift compared to the unsubstituted motor core (R = H 
in Fig. 1C) due to extension of the  system (fig. S17).

Upon irradiation with light-emitting diodes (LEDs) with output 
wavelengths of 455 nm (1s), 420 nm (2s), and 470 nm (3s), these 
peaks undergo bathochromic shifts to 458, 448, and 496 nm (Fig. 2A), 

respectively, as the samples went from containing only the stable 
isomers to their photostationary states (PSSs), where a mixture of 
stable and metastable isomers is present. This behavior is character-
istic for fluorene-based second-generation overcrowded alkene-
type molecular motors (46, 47). In all three cases, removal of the 
light source led to recovery of the original spectra, due to the forma-
tion of stable isomers via THI. Both photoisomerization and THI 
processes presented clean isosbestic points (section S5.2). These 
results were confirmed by 1H NMR experiments [performed in 
dichloromethane (DCM)–d2 due to higher solubilities] (figs. S10 
to S13), from which we determined the ratios of metastable:stable 
isomers at the PSSs (table S1). Therefore, we concluded that com-
pounds 1 to 3 are functional photochemically driven rotary molec-
ular motors.

The quantum yields of photoisomerization from the stable to the 
metastable isomers (φs→m) and vice versa (φm→s) as well as the Gibbs 
free energies of activation (‡G°) for THI of the metastable isomers 
were determined, to study the influence of varying the number of 
triphenylamine substituents on these core parameters. As seen in 
Table 1, φs→m is about three times larger than φm→s in motors 1 to 
3 with both decreasing upon adding more triphenylamine groups. 
On the other hand, ‡G° and, therefore, the half-life at 20°C in-
crease with the addition of more substituents. By comparison, φs→m 
of the unsubstituted motor core is comparable to that of 1, whereas 
its φm→s was reported to be about three times larger than φs→m, 
making it necessary to irradiate at wavelengths with a substantial 
difference in absorption coefficient () between the two isomers to 
obtain high metastable:stable ratios at PSS (38). ‡G° of the unsub-
stituted compound was lower than that of 1 (47), in line with the 
trend observed for 1 to 3. Excellent stabilities were found for all 
three compounds over the course of 10 consecutive 180° rotations 
(insets in Fig. 2A and fig. S23) as well as 1 hour of continuous irra-
diation close to their respective max,s (fig. S25).

Motor rotation upon 2PE
Next, we examined motor function upon 2PE with 800-nm light. 
Steady-state absorption spectra of solution samples of 1s, 2s, and 3s 

Fig. 1. Concept and compounds used in this study. (A) Scheme illustrating rotation and PL from a higher-lying excited-state isomer of a second-generation molecular 
motor. (B) Conceptual potential energy diagram illustrating the mode of operation of the molecular motors described in this study capable of performing rotation and 
undergoing relaxation via PL. (C) Compounds used in this study.
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in MeCN were recorded before and after irradiation with an 800-nm 
femtosecond laser. Figure 2B shows difference absorption (OD) 
spectra calculated by subtracting the spectrum before irradiation 
from the spectrum after irradiation. These spectra show bathochro-
mic shifts similar to those observed under one-photon irradiation 
with LED light (Fig. 2A). Quadratic dependences of OD on the 
incident light intensity demonstrate the characteristic 2PA process 
(section S6.2). Upon removing the light source and keeping the 
samples in the dark, the spectra reverted to the original ones within 
time frames consistent with Eyring analysis (Table 1). Moreover, 
over the course of several consecutive irradiation cycles using 2PA, 
no substantial (1 and 2) or only small (3) deviations in the OD 

spectra of these motors were observed (inset in Fig. 2B and fig. S30), 
indicating the remarkable photostability of these motors. There-
fore, we conclude that the rotation of these motors can be driven 
using 800-nm light.

The 2 values measured by an open-aperture Z-scan technique 
(48, 49) (section S7) are several orders of magnitude higher than 
that of the bare motor core (Table 1). They are also comparable to 
an efficient 2PA dye, AF-343 (2 ~ 1000 GM), which has been pre-
viously used as an antenna to power molecular motors (22). The large 
2 opens prospects in applications where the use of low-intensity 
NIR light and three-dimensional localization is essential (e.g., bio-
logical systems and soft materials).

Fig. 2. Spectroscopic behavior related to rotation and PL of motors 1 to 3. (A) Absorption spectra of 1s (red), 2s (green), and 3s (violet) and the mixtures of 1s:1m 
(dark red), 2s:2m (dark green), and 3s:3m (dark violet) at the PSS after irradiating the samples with LEDs of an appropriate wavelength (1s: 455-nm LED; 2s: 420-nm LED; 
3s: 470-nm LED) for 3 min. The insets show ODs, over 10 consecutive cycles of irradiation with identical irradiation time and light intensity, followed by relaxation of the 
metastable to the according stable isomers in the dark via THI. The shaded contours display steady-state PL spectra of 1s, 2s, and 3s under 400-nm excitation. (B) OD 
spectra of 1 (red), 2 (green), and 3 (violet) after two-photon irradiation at 800 nm for 15 min. The peak irradiation intensity was set to 1.4 GW cm−2 for all compounds. The 
inset shows the normalized OD at 500 nm of 1 over eight consecutive cycles with identical irradiation time at a light intensity of 4.5 GW cm−2. Before starting a new irra-
diation cycle, the samples were kept in the dark for 40 to 60 min to ensure complete recovery of the stable isomer. The molar concentration of all compounds was set 
identical to 1.0 × 10−5 and 1.0 × 10−6 M for the measurements of the absorption and PL spectra, respectively, with MeCN as the solvent. arb. u., arbitrary units.

Table 1. Quantum yields of photoisomerization, thermodynamic activation parameters of metastable isomers, and 2PA cross sections of motors 1 to 3. 
 Quantum yields of isomerization from the stable to the metastable isomers (φs→m) were determined by following the formation of metastable isomers in DCM 
by UV-vis absorption spectroscopy using an LED with a known photon flux. From those, quantum yields for the photochemical backreaction (φm→s) could be 
determined (see section S5.5). Gibbs free energies of activation (‡G°) for the formation of stable from metastable isomers by THI in MeCN were determined by 
Eyring analysis (section S5.3) and used to calculate half-lives (t1/2) at 20°C (for results in DCM, see the Supplementary Materials). These are compared to the 
half-lives observed following 2PE in MeCN. 2PA cross sections (2) of stable isomers were measured in toluene by an open-aperture Z-scan technique at 800-nm 
wavelength. Details of each measurement are given in the Supplementary Materials. 

φs→m (%) φm→s (%) ‡G° (kJ mol−1)* t1/2 (20°C) (min)* t1/2 (min)†
2 (GM)

1 15.1 ± 0.3 5.0 ± 0.1 86.2 ± 0.1 4.35 ± 0.12 2.8 ± 0.3 260 ± 40

2 5.2 ± 0.1 1.59 ± 0.01 87.1 ± 0.1 6.15 ± 0.17 4.1 ± 0.1 200 ± 20

3 2.3 ± 0.1 0.86 ± 0.04 87.8 ± 0.1 8.47 ± 0.08 6.0 ± 0.1 1100 ± 400

Motor core 14‡ 50‡ 85§ 3.17§ – <5

*From Eyring analysis (section S5.3).   †From the time evolution of OD spectra after 2PE. The ambient temperature during the OD spectroscopy 
measurement was stable at ~23°C.   ‡Value previously reported in the literature with toluene as solvent (38).   §Value previously reported in the literature 
with hexane as solvent (47).
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PL properties of 1s
Figure 3A shows a time-resolved PL map of 1s in MeCN under 1PE 
at 445 nm, which lies on the lowest-energy absorption peak of 1s. 
The PL map displays a short-lived PL, which decays with a ~15-ps 
lifetime (Fig. 3D). Within the same time, PL undergoes a distinct 
red shift (white line), which is assigned to wave packet motion from 
the FC region toward the CI. This result is in line with previous 
studies of second-generation molecular motors (37, 38) where the 
short-lived PL competes with fast S1 excited-state relaxation, which leads 
to nonradiative photoisomerization. Therefore, motor 1 exhibits 
only its rotation function under 445-nm excitation. The extremely 
low quantum yields of ~10−4 to 10−3 of this PL (37, 39) make it im-
possible for it to be used in PL-based localization measurements.

When the excitation wavelength is shifted to 400 nm (Fig. 3B), a 
new long-lived (lifetime of ~1.6 ns; Fig. 3D) PL is observed in the 
420- to 500-nm region, in addition to the before-mentioned short-
lived PL. The intensity of the former is about two orders of magni-
tude higher compared to the latter (fig. S32) so that the long-lived 
PL can be used for localizing molecular motors; the onset of dual- 
function selection lies in the 435- to 440-nm region (section S8.2). 
Note that we carefully ruled out PL from possible contaminations 
(section S3), molecular aggregation (section S8.2), or 1m isomers 
(section S10).

At long times, the long-lived PL outcompetes the short-lived one, 
which results in a blue shift of the mean wavelength (Fig. 3B). A 
similar argument is also applicable to the blue shift of the mean wave-
length at times longer than 50 ps of 1 under 445-nm excitation, but 
there, the long-lived PL has a much lower amplitude and therefore 
is hardly visible in the PL map (fig. S37).

The PL map under 2PE at 800 nm (Fig. 3C) is similar to the one 
under 1PE at 445 nm (Fig. 3A), and thus, motor 1 exhibits only its 
rotation function under NIR light. This offers another exciting ap-
proach for switching between motor rotation and PL, e.g., by inserting/
removing a second harmonic generator into the NIR beam. Ultrafast 
TA experiments confirmed the aforementioned excited-state dynamics 
and provided evidence for subsequent formation of the photogenerated 
metastable isomer 1m (see Supplementary Materials, section S11).

On the basis of our experimental results, we propose the long-
lived PL of motor 1 to originate from a high-lying minimum on the S1 

surface populated via initial excitation to S2 followed by IC. Direct 
emission from S2, while possible in principle, is unlikely given the 
relatively small energy gap between the two excited states (see sec-
tion S12) and the partially flexible nature of 1 favoring ultrafast non-
radiative relaxation.

DISCUSSION
In the case of motor 1, the addition of one triphenylamine substitu-
ent was enough to give this compound a PL signal in addition to its 
function as a motor, and a large 2. This leaves open the possibility 
for further functionalization of 1, especially in the lower half. Motor 
3 behaves very similarly to 1, also allowing for tuning the selectivity 
between the motor rotation and PL function by using different ex-
citation wavelengths. Furthermore, motor 3 has two important ad-
vantages: (i) the absorption spectrum is red-shifted (the formation 
of 3m was observed up to an excitation wavelength of 565 nm, which is 
among the longest wavelengths reported to date for directly powering 
an artificial rotary molecular motor), and (ii) the 2 of 3s is larger 
by a factor of 4 compared to that of 1s. However, these are counter-
balanced by the larger size of 3, its lower stability (sections S6.2 and S6.4), 
and the more restricted possibilities for further functionalization.

In contrast to motors 1 and 3, 2 exhibits little selectivity between the 
motor rotation and PL upon changing the excitation wavelength. 
TD-DFT simulations shed some light on this observation: The energy 
difference between the electronic transitions to S1 and S2 becomes 
negligible in the case of 2s, making these states almost degenerate 
(see section S12). Therefore, the long-lived PL observable in 2s in-
dependently of the excitation wavelength is a consequence of the 
near proximity of S1 and S2 in 2s and therefore the impossibility to 
selectively excite either of them. This finding reinforces our claim 
that population of a local minimum on S1 via relaxation from S2 is 
the origin of the long-lived PL. The presence of long-lived PL fol-
lowing 2PE of 2, which is absent for 1 and 3, can be rationalized 
assuming only S1 to be accessible via this excitation pathway.

In summary, we present the first set of artificial molecular mo-
tors displaying dual function of rotation and long-lived PL. The 
properties of our newly described motors make them uniquely at-
tractive for any kind of application where it is required to alternate 

Fig. 3. Time-resolved PL properties of motor 1. (A to C) Time-resolved PL maps of 1s under 1PE at 445 nm (A) and 400 nm (B), as well as 2PE at 800 nm (C). The white 
lines show the mean wavelengths calculated as ∫S(, t)d/ ∫ S(, t)d of spectral slices S(, t) at a particular time t of the PL maps (the region of 10% of maximum PL inten-
sity was selected as at lower intensities the mean wavelength becomes too noisy). The mean wavelengths (energies) and PL maps with a longer time scale as well as those 
for motors 2 and 3 are available in section S9. (D) PL transients (dots) of 1s integrated over different wavelength regions under 400 nm (blue) and 445 nm (green) 1PEs as 
well as 800 nm 2PE (red). The solid lines show the best fits to a single-exponential function convoluted to the apparatus function (black). The molar concentration of 1s 
was set to 1.0 × 10−5 M with MeCN as the solvent. The peak intensities were ~0.5 MW cm−2 for 400- and 445-nm excitations and ~1 GW cm−2 for 800-nm excitation.



Pfeifer et al., Sci. Adv. 8, eadd0410 (2022)     4 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 8

between motor rotation and PL in situ. We foresee especially broad 
applicability in biological studies, where it is key to obtain the distri-
bution and positioning of a molecular machine before and/or after 
initiating its operation while not compromising the possibility to 
use low-intensity NIR light for its operation.

MATERIALS AND METHODS
Preparation and characterization of compounds
Reagents were purchased from Sigma-Aldrich, Acros, or TCI Europe 
and were used as received. Solvents were reagent grade and used 
without prior water removal unless otherwise indicated. Anhydrous 
solvents were obtained from an MBraun SPS-800 solvent purifica-
tion system or directly bought from Acros. Solvents were degassed by 
purging with N2 for a minimum of 30 min or by conducting three 
freeze-pump-thaw cycles.

Flash column chromatography was performed on silica gel (Merck, 
type 9385, 230 to 400 mesh) or on a Büchi Reveleris purification 
system using Büchi silica cartridges. Thin-layer chromatography 
was carried out on aluminum sheets coated with silica gel 60 F254 
(Merck). Compounds were visualized with a UV lamp and/or by 
staining with KMnO4, ceric ammonium molybdate (CAM), or vanillin.

9-Diazo-9H-fluorene (S3) (50) and the unsubstituted motor (47) 
were prepared according to known and previously reported proce-
dures. Stable and metastable isomers are denominated with a sub-
script “s” or “m,” respectively.

1H and 13C NMR spectra were recorded on a Varian Mercury- 
Plus 400 or a Bruker Avance 600 NMR spectrometer at 298 K unless 
otherwise indicated. PSS studies were performed on a Varian Unity 
Plus 500 NMR spectrometer. Chemical shifts are given in parts per 
million relative to the residual solvent signal. Multiplets in 1H NMR 
spectra are designated as follows: s (singlet), d (doublet), t (triplet), 
q (quartet), p (pentet), m (multiplet), and br (broad). High-resolution 
mass spectrometry was performed on an LTQ Orbitrap XL spec-
trometer. Steady-state ultraviolet-visible (UV-vis) absorption spec-
tra were recorded on a Lambda900 UV-vis-NIR spectrometer, an 
Agilent 8453 UV-vis Diode Array System, or a Specord S600 spec-
trophotometer, equipped with Quantum Northwest Peltier controllers, 
in 10-mm quartz cuvettes. Irradiation experiments were performed 
using fiber-coupled LEDs (M420F2, M455F1, M470F3, and M565F3) 
obtained from Thorlabs Inc.

Difference absorption spectroscopy
Difference absorption spectroscopy measurements were performed 
using a UV-vis-NIR spectrometer (Lambda 900) and an amplified 
mode-locked Ti:sapphire laser (Legend Elite Duo, Coherent) cen-
tered at 800 nm with a 1-kHz repetition rate. The output light source 
of the laser beam (8 mm in diameter) irradiated a 1-cm quartz 
cuvette, containing the studied compounds dissolved in MeCN, with 
15-min irradiation time.

For intensity-dependent experiments with two-photon irradia-
tion at 800 nm, the peak irradiation intensity was varied between 
0.45 and 4.5 GW cm−2, which corresponds to an energy density 
between 0.1 and 1 mJ cm−2. For time-evolution experiments, the irra-
diation intensity was set at the highest value where no photodegra-
dation was observed. The absorption of the samples was recorded 
before irradiation and starting from 10 s after irradiation at different 
periods of time up to 1 hour; all measurements were performed in 
the dark. Last, difference absorption (OD) spectra were obtained 

by subtracting the absorption spectra before irradiation from the 
corresponding spectra after irradiation. As the OD spectra are 
extremely sensitive to temperature, it was maintained at ~23°C for 
all measurements.

For fatigue studies, samples were irradiated with peak intensities 
of 4.5 GW cm−2 for motors 1 and 2, and 1.4 GW cm−2 for motor 3, 
for the OD dependence to be in the quadratic-dependence regime. 
To obtain as many irradiation cycles as possible, the irradiation 
time was reduced to 5 min. The absorption of the samples was re-
corded before and after (10-s delay) irradiation (of every cycle) so 
that the OD spectrum was obtained. To ensure that metastable 
isomers of the motors proceeded completely to the second identical 
stable isomers, the samples were stored in the dark for at least 
40 min before starting a new cycle.

Steady-state PL spectroscopies
Steady-state PL and PL excitation spectroscopies were performed 
using a luminescence spectrometer (Perkin Elmer LS-50B). The 
studied compounds were dissolved in MeCN in quartz cuvettes with 
an optical path length of 1 cm. Two different sets of samples with 
low and high concentrations (~1.0 × 10−6 and ~1.0 × 10−5 M, respec-
tively) were prepared. By measuring both samples, PL reabsorption 
effects can be minimized in the low-concentration samples and weak 
signals of the low-energy PL bands can be recorded in the high- 
concentration samples. The optical densities (ODs) at the lowest- 
energy absorption peaks of the samples of motors 1, 2, and 3 with 
the low concentration were determined as 0.08, 0.1, and 0.11, respec-
tively. For the samples with high concentrations, the corresponding 
OD values were ca. 10-fold higher than those of the low-concentration 
samples. To remove any unwanted artifacts (e.g., second-order dif-
fraction of grating), PL and PL excitation spectra of pure MeCN 
under identical conditions were subtracted from those of the sam-
ples with studied compounds.

Time-resolved PL spectroscopy
Time-resolved PL spectroscopy measurements were carried out us-
ing a Hamamatsu C5680 streak camera equipped with a Ti:sapphire 
laser (Mira 900, Coherent) with a repetition rate of 76 MHz. For 
measurements with a time window above 2 ns, the repetition rate 
was lowered to 2 MHz by a pulse picker. The 800-nm beam was ob-
tained directly from the laser output, whereas excitation wavelengths 
of 380, 400, and 445 nm were obtained using a second harmonic 
generator, and an excitation wavelength of 278 nm was obtained 
using a third harmonic generator. The excitation beam was focused by 
lenses with a 7.6-cm focal length (a 3.5-cm focal length for 800-nm 
excitation) into a 1-mm quartz cuvette, containing the studied com-
pounds dissolved in MeCN. The size of the illumination spots was 
determined using knife-edge measurements as ~135 and ~45 m 
in diameter for 400- and 800-nm excitation, respectively. For the 
repetition-rate dependence experiments, a 0.2-mm flow cell (Starna 
Scientific Ltd.) connected to a peristaltic pump (Masterflex, Cole- 
Parmer) to refresh the sample in the excitation spot was used, and 
the repetition rate of the laser was lowered to 9 kHz by a pulse picker. 
The apparatus functions of the setup were ~4, ~5, and ~3 ps (SDs of 
a Gaussian function) for the excitation wavelengths of 400, 445, and 
800 nm, respectively. The peak intensities did not exceed 1 and 
2 GW cm−2 for 400- and 800-nm excitation, respectively.

The ODs at the lowest-energy peak of samples of motors 1, 2, and 3 
were set at 0.08, 0.1, and 0.11, respectively, so that the PL reabsorption 
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effect was minimized. The PL signal was collected at a ~90° angle with 
respect to the excitation laser beam. The polarizations of the exci-
tation and PL channels (by placing two polarizers into these beams) 
were set at the magic angle (~54.7°). A band-pass filter (Thorlabs 
Inc., 420 to 700-nm transmission region) at the polychromator en-
trance slit was used to remove stray light from the excitation beams 
at 380, 400, and 800 nm. Meanwhile, for 278- and 445-nm exci-
tations, long-pass filters (Thorlabs Inc.) with a cutoff wavelength of 
320 and 455 nm, respectively, were used instead. Last, the PL inten-
sity of the samples was recorded as a function of the wavelength and 
delay time, producing a PL map. In all measurements, room tem-
perature was maintained at 20°C. Under excitation at 380, 400, and 
445 nm with high peak intensities (>0.35 MW cm−2), additional 
signals near zero-delay time were observed and identified as Raman 
lines of MeCN (fig. S1) (51).

TA spectroscopy
The setup for TA spectroscopy was based on a pump-probe ar-
rangement described previously (22). In brief, an amplified mode-
locked Ti:sapphire laser (Legend Elite Duo, Coherent) centered at 
800 nm (1-kHz repetition rate) was used. The laser output was split 
into pump (~90%) and probe (~10%) beams. For 1PE at 400 nm, the 
laser output was frequency-doubled using a -barium borate crys-
tal. A mechanical translation stage (LS-180, Physik Instrumente) 
with 508-mm excursion was used to delay the probe pulse with re-
spect to the pump pulse. The probe beam was focused into a 2-mm 
sapphire crystal to generate a white light (400 to 850 nm) continu-
um (WLC). A short-pass filter with a cutoff wavelength of 750 nm 
placed into the probe beam was used to remove residual fundamen-
tal frequency radiation from the WLC. The polarization of the 
pump and probe beams was linear and set at the magic angle (54.7°). 
Both the pump and the probe beams were focused and spatially 
overlapped in a flow cell (Starna Scientific Ltd.), connected to a peri-
staltic pump (Masterflex, Cole-Parmer) to refresh the sample in the 
excitation spot. TA of the probe beam in the flow cell was recorded 
using two different types of detectors, a 350- to 700-nm compact 
spectrometer (CCS100/M, Thorlabs Inc.) and a silicon photodiode 
(DET36A, Thorlabs Inc.) amplified by a lock-in amplifier (SR830 
DSP, Stanford Research Systems). The spectrometer detected the TA 
spectra (and spectrotemporal TA maps) in the wavelength region of 
400 to 700 nm; however, it had a lower signal-to-noise ratio as com-
pared to the lock-in referenced photodiode. The photodiode detec-
tor detected TA signals at a particular probe wavelength using a 
band-pass filter placed in front of the photodiode. For the TA kinetic 
traces at 510 and 700 nm, band-pass filters with central wavelengths 
of 508.5 and 700 nm and full width at half maximum (FWHM) of 
10 and 40 nm, respectively, were used. This arrangement improved 
the sensitivity down to OD ≅ 1 × 10−5, which allowed obtaining 
the signals under 2PE conditions. Further details of data acquisi-
tion, correction of the zero-delay time (as a function of the probe 
wavelength), and solvent contribution around zero-delay time were 
described in a previous publication (22).

2PA cross-sectional measurements
2PA cross sections of the studied compounds were determined using 
an open-aperture Z-scan technique (for setup see fig. S3A) (48, 49). 
The experiments were performed using an amplified mode-locked 
Ti:sapphire laser (Legend Elite Duo, Coherent) centered at 800 nm 
(1-kHz repetition rate, ~220-fs pulse duration; see fig. S3B). The 

output laser beam was focused by a converging lens with a focal length 
of 15 cm through a quartz cuvette with an optical path of 1 mm 
containing the studied compounds. The 1-mm cuvette satisfied the 
condition that the optical path length is less than the Rayleigh 
length of the focusing lens of ~4.8 mm. The cuvette was mounted 
onto a motorized translation stage (PLS-85, PI miCos GmbH) so 
that it could be moved back and forth along the propagation direc-
tion of the focused beam (Z-scan stage). After transmission through 
the cuvette, the beam was collected by a lens with a shorter focal 
length of 10 cm to ensure that the entire light beam was collected. A 
photodiode detector (LM-2 VIS, Coherent) equipped with a power 
meter (FieldMaster FM-0210, Coherent) was used to measure the 
transmitted power. A long-pass filter with a cutoff wavelength of 
715 nm placed in front of the detector was used to eliminate any PL 
from the sample. Neutral density filters in front of the detector en-
sured its linear regime. The transmitted powers were measured while 
scanning the sample along the beam propagation direction through 
the focal point. Last, the transmitted powers taking the attenuation 
of the used neutral density filters into account at different Z posi-
tions were obtained (i.e., a Z-scan response).

To obtain the beam shape near the focal point, a knife-edge tech-
nique was performed. This was done by mounting another motor-
ized translation stage (X-scan stage) onto the Z-scan translation stage 
in a perpendicular alignment to each other. A metal blade mounted 
onto the X-scan translation stage was scanned orthogonally to the 
beam propagation direction and the transmitted power was mea-
sured. By taking the first-order derivative of the transmitted power 
with respect to the transverse beam position X, a spatial intensity 
distribution in the transverse direction of the beam was obtained. 
The beam diameter was taken as an FWHM of the intensity distri-
bution. The FWHM was determined from a Gaussian fitting function 
to the experimentally obtained intensity distribution with an SD  
(FWHM ≈ 2.355 × ). The measurements were repeated at dif-
ferent Z positions so that a beam shape in the XZ plane was recon-
structed (fig. S3C).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add0410
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