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Photocatalytic Activity of lonic Carbon Nitrides is Governed
by Cation-Modulated Dark Exciton Dynamics

Arindam Konar, Johannes Liessem, Changbin Im, Mohamed M. Elnagar, Dariusz Mitoraj,
Pratibha Saini, Igor Krivtsov, Sarah Jasmin Finkelmeyer, Jan Griebel, Martin Presselt,
Timo Jacob,* Radim Beranek,* and Benjamin Dietzek-lvansic*

lonic polymeric carbon nitrides, poly(heptazine imides) (PHIs), have emerged
as promising photocatalysts, yet the relationship between their structure,
exciton dynamics, and activity has remained elusive so far. Here, a direct link
is established between photocatalytic activity, spectroscopic properties, and
theoretical analysis of structural effects on exciton behavior in water-soluble
PHlIs with different cations. Using steady-state and time-resolved emission
spectroscopy alongside ultrafast transient absorption spectroscopy performed
in the absence and presence of hole and electron quenchers, two distinct
excitonic relaxation pathways are uncovered: sub-100 ps decay dominated by
exciton recombination and shallow-trap states, and sub-ns dynamics
associated with deep-trap assisted recombination. Notably, ethanol
accelerated the sub-100 ps decay via hole quenching, while the deep traps are
unaffected by ethanol. The spectroscopic results show that the photocatalytic
activity in H,O, production (CsPHI << NaPHI < KPHI) correlates with
exciton lifetimes, whereby the theoretical analysis reveals that the observed
modulation of exciton lifetimes is primarily related to different dark exciton
dynamics governed by changes in interlayer interactions due to the altered
structural corrugation in the presence of various cations. This work
establishes a unified structure—dynamics—activity relationship in PHls,
offering new design guidelines for PHI-based photocatalytic materials.

1. Introduction

To advance photocatalysis capable of mim-
icking natural photosynthesis and driving
valuable chemical transformations, the de-
velopment of low-cost, scalable, and chem-
ically stable photocatalytic materials is of
paramount importance.[!l Polymeric car-
bon nitrides (PCNs) represent a vigorously
studied class of polymeric photocatalysts
that attract attention particularly due to
their low toxicity, high stability, and ease
of processability.[?! They also offer several
advantages over classical semiconductors
(e.g., TiO,), such as a red-shifted optical ab-
sorption edge toward the visible light region
(bandgap of ~2.7-2.9 eV) and exceptional
activity in important chemical conversions
(e.g., photocatalytic H,0, production from
0,).3] PCNs can be obtained using facile
synthesis by thermal polymerization from
inexpensive nitrogen-rich precursors such
as melamine, urea, thiourea, cyanamide, di-
cyandiamide, whereby the resulting struc-
tural, photophysical, and surface-catalytic
properties often depend heavily on the
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synthetic route employed.[?*%#] In contrast to conventional (non-
ionic) PCNs, poly(heptazine imide) (PHI)-based carbon nitrides
represent a distinct subclass of ionic carbon nitrides compris-
ing stacks of negatively charged 2D heptazine-based frameworks
counterbalanced by alkali metal cations and/or protons.!***! No-
tably, the presence of surface functional groups in PHIs, such
as cyanamide and cyamelurate moieties, leads to improved wet-
tability and dispersibility, which often renders ionic carbon ni-
trides more photocatalytically active compared to conventional
PCNs.3P3] Moreover, in contrast to conventional PCNs, PHI-
based ionic carbon nitrides have also shown the capability to
accumulate and store photogenerated electrons in long-lived
trap states, which has been demonstrated to enable delayed
(“dark”) photocatalysis and photodoping phenomena.®! It is well-
established that the nature of cations in ionic carbon nitrides ex-
erts a significant effect on their photophysical and surface cat-
alytic properties, and typical strategies to tune the photocatalytic
performance of PHIs include efforts to control the materials
properties by choice of different cations or cation combinations
during synthesis.*>”]

In general, spectroscopic investigations of (both conventional
and ionic) PCNs have proven to be a powerful tool to study the
photophysics of the materials. Merschjann et al. investigated con-
ventional PCN using transient absorption spectroscopy (TAS)
and proposed that initially excited singlet excitons rapidly dissoci-
ate into singlet polaron pairs and subsequently into free polarons.
The latter then undergoes interlayer out-of-plane diffusion fol-
lowed by recombination and (non)radiative relaxation, thereby
characterizing exciton-mediated charge transfer in 1D carbon ni-
tride melon as an interlayer conduction mechanism.®! In a sim-
ilar manner, Noda et al. combined time-resolved spectroscopic
techniques with direction-dependent electrical measurements to
determine the charge carrier mobilities in triazine-based PCN
films, which revealed a higher out-of-plane conductivity com-
pared to in-plane.l’! Using ultrafast time-resolved spectroscopy,
Durrant et al. observed that cyanamide surface-functionalized
PHI-type PCN is capable of accumulating ultralong-lived trapped
electrons for fuel generation in the dark, whereby the charge re-
combination becomes ~400-times faster due to the accumula-
tion of the long-lived electron after hole extraction.[' Notably,
systematic investigations of the role of various cations in ionic
PCNs are rather scarce. Kroger et al. addressed the relation be-
tween the ionic conductivity and photocatalytic activity in the
structural pores of metal-PHIs by studying the influence of vari-
ous counterions, e.g., Li*, Na*, K*, Cs*, Ba?*, NH,*, and tetram-
ethyl ammonium.”? Recently, Pan et al. reported various PHI-
based photocatalysts modified with co-catalysts for overall wa-
ter splitting and proposed that, depending on cation size, the
different interlayer stacking modes in PHI can promote exci-
ton diffusion and prolong the photoexcited electron lifetimes.!”"!
However, our knowledge of the cation-dependent relationship be-
tween the structure, exciton dynamics, and activity in PHIs has
remained limited so far, which makes the rational design of high-
performance PHI-based photocatalysts very challenging.

Herein, we employ steady-state and time-resolved emis-
sion spectroscopy alongside ultrafast transient absorption spec-
troscopy to study excitonic dynamics in three different model
water-soluble PHI photocatalysts (Na-, K-, and CsPHI) which
exhibit different activities in light-driven H,O, production. Im-
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portantly, the photocatalytic H,0, production from oxygen-
containing aqueous alcoholic solutions is well-established as one
of the most important conversions photocatalyzed by PHIs,!3>!!]
and offers the advantage to study the fundamental excitonic dy-
namics in PHIs without any undesired interference from addi-
tional co-catalysts. In addition, the use of water-soluble PHIs, 3!
i.e., optically transparent aqueous solutions containing fully dis-
persible PHI nanoparticles, enables overcoming detrimental is-
sues typically encountered in spectroscopic studies of optically
scattering suspensions.[®12] Most notably, we provide a direct
link between our spectroscopic results and our recent theoretical
studies, in which the photocatalytic activity of PHI-based ionic
carbon nitrides is proposed to be crucially influenced by dark ex-
citon (i.e., momentum-forbidden exciton) dynamics.[**] This en-
ables us to establish, for the first time, a direct and consistent cor-
relation between photocatalytic activity, spectroscopic properties,
and theoretical analysis of structural effects on exciton behavior
in PHIs with different cations, which will provide essential guide-
lines for further development of PHI-based photocatalysts.

2. Results and Discussion

Synthetic parameters of the photocatalysts are given in Table S1
(Supporting Information). Energy Dispersive X-ray Spectroscopy
(EDS) and elemental mapping analyses confirm the homoge-
neous distribution of alkali metal cations within the PHI ma-
terials, as shown in Figures S1-S3 (Supporting Information).
The atomic percentages of the respective cations are comparable
across samples: 4.7+0.1% Na in NaPHI, 4.4+0.2% K in KPHI,
and 5.5+0.8% Cs in CsPHI. These results indicate a uniform
cation distribution and consistent loading levels, confirming the
effective incorporation of alkali metals into the PHI framework.
All studied water-soluble PHI photocatalysts exhibit significant
photocatalytic activity in H,O, evolution from air-containing
ethanolic aqueous solutions under UV (365 nm) LED irradiation
(Figure 1a,b). The photocatalytic activity increased in the order
CsPHI << NaPHI < KPHI, whereby the initial H,O, evolution
rates (taken after 1 h) were 0.25 + 0.06 mmol L~! h™!, 0.73 +
0.14 mmol L' h~! and 0.90 + 0.19 mmol L' h™! for CsPHI,
NaPHI and KPHI, respectively. Notably, the observed trend in
photocatalytic activity of the samples cannot be correlated in any
straightforward way to any trends observed in the characteriza-
tion of their basic structural, morphological, and surface proper-
ties. The X-ray diffraction (XRD) patterns of all samples recorded
after dialysis and drying exhibit typical characteristics of PHI ma-
terials, with no significant shifts of peak positions between the
materials containing different cations (Figure 1c). However, the
broad peaks at ~27.6° (3.2 A) corresponding to the (001) crystal
plane of PHIP are differently pronounced for different PHIs,
suggesting different degrees of crystallinity and variations of in-
terplanar distances in the three PHI materials containing differ-
ent cations. Yet, these differences are difficult to quantify due to
the low signal-to-noise ratio of the XRD data. The sharp reflex
at 26.6° in the XRD pattern of NaPHI is due to traces of non-
condensed melamine from the synthesis. The Fourier-transform
infrared (FTIR) spectra recorded after dialysis and drying are also
typical for PHI materials with no appreciable differences between
NaPHI, KPHI, and CsPHI samples (Figure 1d). They exhibit
a fingerprint region at 1140-1700 cm™, ascribed to stretching
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Figure 1. a) Photocatalytic H,0, evolution in UV LED (365 nm) irradiated reactors containing PHI photocatalyst in ethanolic aqueous solution (10
vol.% EtOH) stirred under air. b) Photocatalytic performance of water-soluble PHI photocatalysts containing different cations. Further characterization
of NaPHI, KPHI, and CsPHI samples: c) X-ray diffraction patterns, d) FTIR spectra, e) particle size distributions obtained from the dynamic light scattering
measurements, and f) zeta potential values of native PHI solutions after dialysis at pH~8. Standard errors were calculated from at least three experiments,

and error bars represent the 95% confidence intervals.

vibrations corresponding to v(C-N) and v(C=N), characteristic of
PCN materials. The prominent peak at #800 cm™ is attributed to
the triazine ring breathing mode, while the signal at 3420 cm™!
is associated with the stretching vibrations of secondary and pri-
mary amines and also hydroxide groups incorporated into the
PHI structure as a result of the synthesis in the alkali melt. The
signals observed between 2100 and 2200 cm™, corresponding to
v(C=N), appear typically in the FTIR spectra of samples synthe-
sized in molten salts, but are absent in conventional (non-ionic)
carbon nitrides. The mean hydrodynamic diameters of the photo-
catalytically most active (KPHI) and least active (CsPHI) samples
were nearly identical (8.3 + 5.4 nm and 8.3 + 5.9 nm), whereas
the mean hydrodynamic diameter of the NaPHI sample was 20.5
+ 13.0 nm (Figure le). The differences of the zeta potentials of all
samples, i.e., the electric (Galvani) potentials at the shear plane of
the particles with respect to the electric potential in the bulk solu-
tion, were also negligible, —60 + 1 mV, =50 + 1 mV and —56 + 2
mV at pH ~8 for NaPHI, KPHI and CsPHI samples, respectively
(Figure 1f).

The fact that conventional investigations of structural, mor-
phological and surface properties could not account directly
for the stark differences in their photocatalytic performance
prompted us to investigate the photophysics and charge carrier
dynamics of NaPHI, KPHI and CsPHI samples in detail us-
ing various spectroscopic techniques at different time scales and
upon the addition of various additional reducing and oxidizing
agents acting as chemical quenchers.
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2.1. Steady-State and Time-Lapse UV-vis Absorption

As the first step, steady-state UV-vis absorption spectra were
recorded from aqueous suspensions of the water-soluble PHI
samples at a concentration of 1 g L~!, either without or with ad-
dition of ethanol (EtOH) as a sacrificial hole scavenger or silver
nitrate (AgNO;) acting as an electron quencher after electronic
excitation of the PHI. Figure 2a shows the steady-state absorp-
tion spectra of Na-, K-, and CsPHI. All PHIs show an absorption
edge at 400 nm, without any appreciable absorption in the visible
range. Addition of either 10 vol.% EtOH or 0.2 mM AgNO, does
not alter the absorption behavior of any of the PHIs, as shown
in the inset of Figure 2a. Two further methods have been em-
ployed to study the electronic absorption properties of our ma-
terials. First, photothermal deflection spectroscopy (PDS) was
used to measure thin (~400-500 nm) films on glass obtained
from water-soluble PHI samples using gelation and calcination
according to established methodologies.!'*] Since PDS measures
the absorption by detecting the thermalized energy of the ab-
sorbed photons and not the transmitted light, it is not affected by
scattering and is highly sensitive to weak absorption.[**] For these
thin (%400-500 nm) films, the PDS data of all three samples ex-
hibit similar absorption behavior as in solution, exhibiting an ab-
sorption edge in the near-visible range at ~430 nm (see Figure
S4a, Supporting Information). Second, thicker films were ob-
tained by conventional drop-casting the water-soluble PHIs onto
glass substrates, and the electronic absorption properties were

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

858017 SUOWIWOD SAIERID 3(dedl|dde auy Aq peussnob ke ssppiie YO ‘8sn Jo sejnl Joj Akeid1aul|uO A8|IA LD (SUOIPUOD-PU-SWBI 00" A3 1M AleIq 1 puljuo//:Schy) SUOTIPUOD PUe SWiB | 8U1 89S *[5202/60/T0] Uo Ariqi8uluo A8|im ‘91Bojouyos | Iny Imnsu| Jeynss|e Ad ZTE605202 SAPe/Z00T 0T/I0p/W0d A8 | Ake.q1jpu U0 peoueApe//Sdny Wolj papeoiumod ‘0 ‘rr8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(a)s ;
NaPHI ——NaPHI
—_— ———NaPHI+ELOH(10 vol%)
KPHI NaPHI+AGNO,(0.2 mM)
44 = CsPHI g ——KPHI
o 2 KPHI+EtOH(10 vol%)
o ® 3 KPHI+AGNO;(0.2 mM)
c £ ——CsPHI
3 32 CSPHI+EtOH(10 vol%)
B 2 CsPHI+AGNOS(0.2 mM)
<
‘6 1
@ 2 \
K] 2 ol —
< 400 500 600 700
Wavelength / nm
1 -
04

400 500 600 700
Wavelength / nm

www.advancedscience.com

,.
L

KPHI + EtOH Airr = 365 nm
3. before irradiation after irradiation
KPHI + AgNO,
o) | before irradiation after irradiation
o 0.
= jrr = 365 nm KPHI .
§ 21
TN
[e] § 0.10
7] \ 3
Q2 ! 0.05
< 11
0.00 } -----------------
400 500 600 700
. Wavelength / nm
0 L T - — —l — — — T = — —
400 500 600 700

Wavelength / nm

Figure 2. a) Steady state UV—vis absorption spectra of Na-, K-, and CsPHI (concentration of 1 g L™). Inset corresponds to the absorption spectra of all
the PHIs in the presence of EtOH (10 vol.%) and AgNO; (0.2 mM). b) UV-vis absorption spectra of KPHI in the presence of 10 vol.% EtOH and 0.2 mM
AgNO; before (solid lines) and after (dashed lines) 2 h of 365 nm LED irradiation. The inset shows the corresponding absorption difference spectra.

characterized using both UV-vis diffuse reflectance spectroscopy
(DRS) and PDS. The UV-vis DRS spectra revealed an absorp-
tion shoulder at ~430 nm as well as a long and weaker absorp-
tion tail down to 550 nm (see Figure S5a, Supporting Informa-
tion), with these sub-bandgap features being most pronounced in
the case of Cs-PHI. Comparable spectral features were obtained
for these drop-cast films using PDS (see Figure S4b, Support-
ing Information). The emergence of these sub-bandgap visible-
light absorption features, which were not detectable in the spec-
tra recorded in aqueous suspensions or very thin films, can be
rationalized by the significantly increased optical path length
when measured on drop-cast solid films on glass substrates, thus
enhancing the detection sensitivity for weak absorption bands.
Given that such sub-bandgap absorption bands and tails typi-
cally correlate with structural disorder and defect states in carbon
nitrides, 1% these results might suggest that the inferior photo-
catalytic performance of CsPHI might originate from its higher
structural disorder,'”] as suggested also by the less pronounced
XRD reflexes (see Figure 1c).

In addition, the changes in absorption of the PHIs upon 2-
h irradiation with an LED at 365 nm in the presence of either
10 vol.% EtOH or 0.2 mM AgNO, were monitored by time-
lapse steady-state UV-vis absorption spectroscopy (see Figure 2b;
Figure S5b, Supporting Information). In the presence of 10 vol.%
EtOH, a broad absorption tail between 380 and 650 nm emerges
for KPHI after illumination (Figure 2b).

The changes induced by irradiation in the presence of the hole
quencher are more clearly reflected in the differential absorp-
tion spectrum, which shows a broad band between 450 and 700
nm and a maximum ~400 nm (see Figure 2b). This indicates ef-
ficient reductive quenching of the electronically excited KPHI*
state by EtOH and the formation of KPHI®" anionic radicals,
as evidenced by EPR spectroscopy (Figure S6, Supporting Infor-
mation). No continuously increasing accumulation of the radi-
cal species is observed since the KPHI®" radical anion formed
clearly reacts with oxygen dissolved in the solution, a reaction
which is known to occur readily.l®! In contrast, irradiation of the
sample in the presence of 0.2 mM AgNO; leaves the absorption
of the sample unaltered (see Figure 2b), a behavior that is simi-
larly observed for NaPHI and CsPHI (Figure S5b,c, Supporting
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Information). This indicates that AgNO, can effectively scavenge
the photogenerated electrons, either directly or via fast reaction
with KPHI®- radical anions. Irradiation of NaPHI and CsPHI in
the presence of EtOH leads to similar, albeit less pronounced,
absorption changes as for KPHI (Figure S5b,c, Supporting Infor-
mation). This confirms the generation of radical anions at Na-,
and CsPHI in the presence of EtOH, yet with a diminished rate
as compared to KPHI. This can be explained either by a relatively
higher rate of exciton recombination and/or faster quenching of
the radical anion by dioxygen than in the case of KPHI.

2.2. Steady-State and Time-Resolved Emission

Interestingly, the steady-state emission spectra of the PHIs
(Figure 3a) indicate a redshift of the emission maxima with in-
creasing cation size (Na < K < Cs). Upon excitation at 380 nm,
NaPHI shows maximum emission at 405 nm, while the emis-
sion maxima get shifted to longer wavelengths to 475 and 508
nm for KPHI and CsPHI, respectively. Furthermore, KPHI ex-
hibits an excitation wavelength-dependent emission maximum
(Figure 3b). Upon shifting the excitation wavelength from 340
to 520 nm, the emission maximum shifts from 405 to 585 nm.
Such excitation wavelength-dependent emission has not been ob-
served in conventional carbon nitrides synthesized by thermal
polycondensation of melamine; these materials typically show a
narrow emission band, in contrast to KPHL®!8] Nonetheless,
excitation wavelength-dependent emission is not uncommon for
metal oxide photocatalysts, e.g. ZnO, in which various trap states
contribute to different emission characteristics.'®! Thus, we as-
sume that, during the ionothermal synthesis of the PHIs, various
types of states related to structural features and surface function-
alization arise, which act as local traps with distinct optical char-
acteristics. As these different emissive species contribute to the
overall emission, they result in the rather broad overall emission
band of KPHI.

Similar excitation wavelength-dependent emission is observed
for CsPHI (see Figure S7a, Supporting Information). In contrast,
the emission of NaPHI appears to be independent of the exci-
tation wavelength (Figure 3c). We suppose that this relates to
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Figure 3. a) Steady-state emission spectra of Na-, K-, and CsPHI (concentration 1 g L™") excited at 380 nm. b) Steady-state emission spectra of KPHI
(concentration 1g L™") with various excitation wavelengths. Optical densities at excitation wavelengths vary from 0.1 (A, = 340 nm) to 0.0003 (Ae =
520 nm). c) Steady-state emission spectra of NaPHI (concentration 1 g L™") with excitation wavelengths varying from 340 to 520 nm. Optical densities
at excitation wavelengths vary from 0.1 (4., = 340 nm) to 0.001 (A, = 520 nm). d) Comparison of time-resolved emission decay kinetics of NaPHI,
KPHI, and CsPHI (1 g L™! concentration) at different spectral ranges upon excitation at 370 nm. Instrumental response function (IRF) is given as the

gray line.

the small size of the Na cation, which prevents the exfoliation of
the heptazine-based PHI layers, and to the overall larger particle
size of NaPHI as compared to KPHI and CsPHI (see Figure 1e),
which both result in diminished impact of surface-related traps
on the emission properties. Consequently, the rather narrow
and excitation wavelength-independent emission of NaPHI is ob-
served (Figure 3c).

Time-resolved emission studies of KPHI follow the decay of
the broad emission band (Figure S7b, Supporting Information)
in the range of 420-550 nm upon excitation at 370 nm. More
specifically, we compare nanosecond (ns) emission kinetics inte-
grated in the range between 425 and 475 nm as well as between
500 and 550 nm (Figure 3d). The 425-475 nm decay kinetics re-
veal a characteristic half-lifetime of 0.22 ns, while the emission
decay observed between 500 and 550 nm appears to be slightly
slower, corresponding to a half-lifetime of 0.36 ns. This differ-
ence in lifetimes corroborates the presence of two distinct emis-
sive states, likely associated with defect-bound excitons, as also
inferred from the excitation wavelength-dependent steady-state
emission measurements (Figure 3b). The mobility of the excitons
in deeper traps is typically limited, hence resulting in the slightly
slower decay of the emission at longer wavelengths.

Following the same protocol, our analysis of the emission de-
cay kinetics for CsPHI revealed that the emission decay probed
between 425 and 475 nm, as well as between 500 and 550 nm,
is characterized by a half-lifetime of 0.17 ns and 0.30 ns, respec-
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tively. NaPHI, on the other hand, shows only a single character-
istic decay constant of ~0.24 ns, across the range of emission
wavelengths (Figure 3d). This provides further indication that
the choice of cation modulates the overall surface trap density in
the PHIs, whereby the overall larger particle size of NaPHI (see
Figure 1e) and the inability of the small Na cation to effectively
exfoliate the PHI layers result in a lower concentration of surface
defect-related excitonic states.

2.3. Ultrafast Transient Absorption Spectroscopy

We first investigated the ultrafast photoinduced dynamics of
KPHI by fs-TA spectroscopy upon excitation at 325 nm. The cor-
responding spectra (Figure 4a) feature a broad photoinduced ab-
sorption centred at 665 nm. Such broad and unstructured spec-
tral features, not uncommon also in inorganic semiconductors,
make it challenging to disentangle the evolution of the photo-
generated species (e.g., excitons, trapped or free electrons or
holes).[?"] Nonetheless, the different contributions can be sorted
out by studying the PHI in the presence of chemical quenchers,
e.g. EtOH or AgNO;. Although the photoinduced absorption be-
havior in the visible region is not drastically altered in the pres-
ence of both quenchers, the intensity of the TA signal gets re-
duced in the presence of 10 vol.% EtOH, while the quenching
is much less prominent upon the addition of 0.2 mM AgNO,
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Figure 4. a) fs-transient absorption spectra of KPHI (concentration 1g L™') measured at selected time delays after excitation at 325 nm, b) fs-transient
absorption spectra of KPHI (concentration 1g L™") at selected time delays in presence of EtOH (10 vol.%) and AgNO; (0.2 mM) after excitation at 325
nm, c) Normalized decay kinetics of KPHI (concentration 1g L™') at selected wavelengths of 450, 550, 650, and 750 nm.

(Figure 4b). Similar observations were made for Na- and CsPHI
in the presence of both quenchers (Figure S8, Supporting Infor-
mation).

Due to rather small spectral-temporal changes (within the ex-
perimentally accessible signal-to-noise ratio) of the TA data, we
spectrally integrated the TA features in the visible region between
450 and 750 nm. The resulting kinetics reflect the overall decay of
the excited state absorption (ESA).[6¢1020221] Eyrthermore, TA ki-
netics at single probe wavelengths, i.e., at 450, 550, 650, and 750
nm, are considered (Figure 4c). However, no significant changes
in the kinetics are observed upon variation of the probe wave-
lengths. This finding implies that the different trap states do not
contribute significantly differently on the ps- to ns-time scale of
the TA measurement.

2.4. Transient Absorption in the Absence of Quenchers

The TA data for NaPHI and CsPHI resemble those of KPHI upon
excitation at 325 nm (see Figure S9a,b, Supporting Information),
both in terms of the spectral shape and the position of the ESA
bands as well as the excited-state decay kinetics as reflected in the
single-wavelength kinetics (Figure 5a; Figure S9c,d, Supporting
Information).

Concentration-dependent fs-TA experiments were also carried
out for the different PHIs with concentrations ranging from >
1.0 to 0.1 g L™! (Figure S10, Supporting Information). However,
the decay kinetics appear unaltered upon varying the concentra-
tion, irrespective of the cations in the material. This suggests that
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the aggregation-induced energy transfer between PHI particles
or other aggregation effects is not significant on the timescale
probed in the TA experiments.

The quantitative analysis of the TA kinetics relies on a model
previously proposed by Li et al.,[%!2] suggesting geminate recom-
bination of a single exciton pair within a particle on an early time
scale modelled by an exponential function, and trap-assisted re-
combination at relatively long delay times modelled by a power
1law.101021] The early TA kinetics of KPHI, i.e., up to a delay time
of 100 ps, can be well-fitted by I = A e™"/% + A,e™"/% + I,,. The fit
yields the characteristic decay times 7 = 5.8 + 2.3 ps and 7} =
58.7 + 9.3 ps. The power-law, Iext™?, utilized to account for the
pump-probe data at long delay times, yields the power-law expo-
nent fX = 0.37 + 0.01. Table S2 (Supporting Information) sum-
marizes the fit parameters obtained for NaPHI and CsPHI.

We assign the 7, to the rapid decay of photoexcited excitons,
either by recombination or population of shallow traps. 7, is asso-
ciated with the decay of the shallow traps, giving rise to the pop-
ulation of deeply trapped electrons. These two ultrafast compo-
nents account for roughly 58% decay of the initial ESA amplitude
of KPHI. This value is similar for aqueous NaPHI (55%), but for
CsPHI, 69% of the initially observed TA amplitude decays already
in the first 100 ps. Such biexponential decay behavior with exciton
recombination and trap-assisted charge recombination has been
previously observed in aqueous K,Na-PHIL.['?l Monitoring of non-
emissive trapped states and the exponential tail of trap states be-
low band edges related to recombination via charge trapping/de-
trapping in conventional PCNs has also been reported.[?!! The
fraction of excitations in the sub-100 ps time regime that end
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Figure 5. a) Decay kinetics of Na-, K-, and CsPHI (concentration 1 g L™') obtained by integrating the TA signal in the probe wavelength range from
450 to 750 nm. The yellow dashed lines represent the fit to the data utilizing the fit function described in the text. b) Charge recombination kinetics of
KPHI (concentration 1 g L™') probed from 450 to 750 nm with variation of EtOH volume fraction from 0 to 30 vol.%. Yellow dashed lines represent
biexponential and power law fitting. ¢) Change of amplitudes (A, and A,) obtained from the biexponential fit within 100 ps of KPHI (concentration 1
g L™1) with varying EtOH concentrations. d) Change of characteristics time constants (z; and 7,) obtained from the biexponential fit within 100 ps of
KPHI (concentration 1 g L™1) with varying EtOH concentrations. Each sample was measured in triplicate, and the error bars are given as +o (o is the
standard deviation of the fitted parameter obtained from the nonlinear regression using OriginLab software).

up in deep traps is almost identical for KPHI (0.33 + 0.04) and
NaPHI (0.34 + 0.03), however, slightly fewer excitations appear
to end up in deep traps in CsPHI (0.27 + 0.01). These values re-
fer to the biexponential fit of the TA data recorded up to a delay
time of 100 ps, and refer to the non-decaying component in this
fit (see the factor I, in Table S2, Supporting Information).

For NaPHI and CsPHI, the kinetic analysis yields 7 = 4.1 +
0.6 ps, 7)* =547 + 83 psand 7”° = 1.1 £ 0.6 ps, 7;° = 45.9 +
1.8 ps, respectively. This indicates that the larger Cs ions modu-
late the properties of the trap states in the material to an extent
that the shallow traps are destabilized and the rate of their pop-
ulation increases about fivefold in comparison to that of KPHI.
Upon increasing the cation size from NaPHI to KPHI, 7, and 7,
increase, while 7, and 7, decrease when moving from KPHI to
CsPHI. Considering the amplitudes associated with the time con-
stants, A, decreases and A, increases with increasing cation size
from NaPHI to CsPHI (Table S2, Supporting Information). This
behavior cannot be rationalized solely based on the modulation of
trap state density as inferred from the emission measurements,
and its molecular origin remains to be studied in detail.

The TA decay at delay times larger than 100 ps reflects the
charge recombination from deep traps.!®2021.22] A quantitative
analysis of the respective TA kinetics identifies the power-law
exponent f to be 0.38 + 0.01 for all PHIs investigated here.
However, the TA signal for all three PHIs does not completely
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decay within the measurement time window, and the presence
of a residual long-lived signal reflects the persistence of long-
lived photogenerated charges in the materials. These charges are
likely trapped in deep traps, associated with surface functional
groups.?!l Therefore, the relaxation decay kinetics of the charge
carriers from initially shallow to deep traps probably occur in
longer times, from few-100 ns to us range.

2.5. Transient Absorption in the Presence of a Hole Quencher

In a second step, photoexcited Na-, K-, and CsPHI were inves-
tigated in the presence of EtOH as a hole scavenger. EtOH was
added to an aqueous solution of the PHIs (concentration of 1 g
L'} in concentrations varying from 5 to 30 vol.%. As mentioned
before, the addition of 10 vol.% EtOH to KPHI decreases the TA
signal intensity without causing spectral changes in the broad
ESA band centred ~665 nm (Figure 4b). The accelerated decay
of the ESA features of KPHI (Figure 5b) reflects a shortening of
the characteristic time constant z and z,* upon the addition of
EtOH (Figure 5d). Drawing on our previous assignment of z¢
and 7}, we conclude that EtOH quenches holes, thereby open-
ing an additional decay pathway for near-band edge excitons and
holes from shallow traps. Also AY, the amplitude associated with
the decay of near-band edge excitons, increases in the presence

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

858017 SUOWIWOD SAIERID 3(dedl|dde auy Aq peussnob ke ssppiie YO ‘8sn Jo sejnl Joj Akeid1aul|uO A8|IA LD (SUOIPUOD-PU-SWBI 00" A3 1M AleIq 1 puljuo//:Schy) SUOTIPUOD PUe SWiB | 8U1 89S *[5202/60/T0] Uo Ariqi8uluo A8|im ‘91Bojouyos | Iny Imnsu| Jeynss|e Ad ZTE605202 SAPe/Z00T 0T/I0p/W0d A8 | Ake.q1jpu U0 peoueApe//Sdny Wolj papeoiumod ‘0 ‘rr8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

of EtOH. As fewer holes relax into shallow traps, the amplitude
reflecting the decay of the latter species, AX, decreases in the pres-
ence of EtOH (Figure 5c,d). However, the sum of AX and AX re-
mains constant upon varying the EtOH. Moreover, I, the signal
amplitude remaining after 100 ps, remains almost unaffected by
EtOH within the range of 0.33-0.40, i.e., the number of excita-
tions ending up in deep trapped states is insensitive to the pres-
ence of EtOH. This points to the fact that different subsets of
excitonic excitations exist in the material, which either decay via
excitonic and shallow-trap mediated recombination within 100
ps or directly via deep-trap assisted recombination beyond 100
ps. Considering the power-law fit of the long-delay time TA data,
the EtOH concentration invariance of fX = 0.32 + 0.04 suggests
that the deep-trap assisted recombination is unaffected by EtOH.
In other words, while shallow trapped charges are prone to be
quenched by EtOH, the deeply trapped photogenerated charges
on ns timescales do not react with EtOH. The deep traps can
be ascribed to electronic states enabled by the presence of edge
groups.'®] While the spectroscopic signatures of electrons and
holes are spectrally congested in PHIs, it is inferred from our data
that, in the presence of EtOH, electrons and not holes primarily
populate the deep traps, a process which is chemically equivalent
to the formation of PHI®- radical anions.[*f]

Figure 6 depicts a schematic summary of the model inferred
from the TA data for PHIs. The model suggests the decay ki-
netics of PHIs to be a combination of decay of primary excitons
with a characteristic time constant r; and the decay of shallow-
trapped excitons with a time constant 7,. Notably, when com-
paring the different PHIs, the longer the characteristic lifetimes
7, and 7,, the higher the photocatalytic activity, i.e., CsPHI <<
NaPHI < KPHI (compare Figures 6 and 1b) can be observed.
The presence of EtOH leads to effective quenching of the photo-
generated holes in PHIs, ultimately oxidizing EtOH to acetalde-
hyde. While the data recorded for NaPHI in the presence of EtOH
(Figure S11a and Table S3, Supporting Information) matches the
results obtained for KPHI, CsPHI behaves differently under oth-
erwise identical conditions (Figure S11b, Supporting Informa-
tion). Most notably, the decay kinetics of CsPHI in the presence
of 5 and 10 vol.% EtOH show no significant changes as compared
to that of CsPHI without the addition of EtOH (see Table S3 in
Supporting Information for the results of the data fitting). We
ascribe this to the large size of the Cs ion, which exfoliates the
individual PHI layers and hence decreases the density of the trap
states available to be quenched by low concentrations of EtOH.
Furthermore, no clear trend in the TA decay kinetics is visible
upon analysing the characteristic time constants and amplitudes
of CsPHI in the presence of EtOH of different concentrations.
These findings are significant as they strongly suggest that the
inferior activity of CsPHI in photocatalytic H,0, production, as
compared to KPHI and NaPHI (see Figure 1b), is directly re-
lated to less effective extraction of holes from CsPHI by electron
donors. In this context, two points are noteworthy. First, photocat-
alytic H, O, production at PHIs requires the presence of alcohols
as effective electron donors and was negligible in the absence
of ethanol. Second, it should be mentioned that an extensive TA
spectroscopic investigation of all our PHI materials in the pres-
ence of additional (apart from dissolved O,) electron quencher
(AgNO;) revealed only insignificant effects on TA decay kinetics
at relatively low concentrations of AgNO; (< 0.4 mM), whereby

Adv. Sci. 2025, 09312 €09312 (8 of 12)

www.advancedscience.com

alkali metal PHIs

A |
Lo /X

CB SA\O /\/N
\A oM,

()

|- le

29 e g

v ol 7
S Tl ps Tyl psirai O l
o 41 547 powerlaw~pg DT
I.E 5.8 58.7 0.39

174 45.9 0.37

| -

WQ
VB

Figure 6. Schematic representation of the proposed charge carrier trans-
port model in the three water-soluble alkali metal PHIs — NaPHI, KPHI,
and CsPHI. The numbers in pink refer to the corresponding characteristic
time constant (z4) associated with the decay of excitons, the numbers in
blue are correlated to the second characteristic time constant (z,) as a re-
sult of the decay of shallow traps within the 100 ps time regime, and the
p values in red are attributed to the power-law exponent beyond 100 ps.
7, 7, and B, highlighted with light red, light blue, and light red represent
these time constants for Na-, K-, and CsPHI, respectively. CB represents
the conduction band, VB represents the valence band, ST and DT are de-
noted by shallow trap and deep trap, respectively.

the more pronounced effects observed at higher concentrations
are likely to be caused by undesired effects due to increased ionic
strength and/or formation of Ag nanoparticles (for comprehen-
sive discussion see Note S1, Figures S12, S13, and Table S4, Sup-
porting Information).

2.6. Understanding the Effect of Various Cations on Exciton
Dynamics in PHIs

Our spectroscopic data (vide supra) provide several valuable in-
sights that represent an excellent phenomenological basis for un-
derstanding the different activities of water-soluble KHI, NaPHI,
and CsPHI in photocatalytic H,O, production (Figure 1b). First,
steady-state and time-resolved (ns timescale) emission spec-
troscopy revealed the presence of two distinct types of emissive
states, likely associated with surface and/or defect-bound exci-
tons. Notably, the analysis of excitation wavelength dependence
and the characteristic half-lifetimes of emission decays pointed to
the significant effect of specific cations on the overall trap distri-
bution in the PHIs. For example, the data suggest a lower concen-
tration of surface defect-related excitonic states in NaPHI, which
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is in line with the relatively larger particle size of NaPHI as com-
pared to KPHI and CsPHI (see Figure 1e) and the lower propen-
sity of the small Na* cation to exfoliate the layered PHI. Second,
ultrafast (fs timescale) TAS provided two-fold crucial information
on the excitonic dynamics and its direct impact on photocatalytic
activity: i) characteristic time constants associated with the decay
of primary excitons (z,) and excitons trapped in shallow traps (z,)
are, in a remarkable way, fully in line with the photocatalytic activ-
ity increasing in the order CsPHI << NaPHI < KPHI (Figures 6
and 1b); ii) an analysis of the differences in excitonic dynamics
obtained in the presence and absence of EtOH as hole scavenger
clearly indicated that the inferior photocatalytic activity of CsPHI,
as compared to KPHI and NaPH]I, is related to less effective hole
extraction by EtOH. In this context, it should be noted that the
TAS and emission experiments probe fundamentally different
subsets of excited states, which accounts for the observed dis-
crepancies between their kinetics. Emission measurements are
sensitive predominantly to radiative recombination of bright ex-
citons and emissive trap states, typically representing only a small
fraction of the overall excited-state population due to their low
radiative efficiency, characteristic of disordered carbon nitrides
and heterogeneous semiconductors. This is corroborated by very
low values of relative photoluminescence quantum yields (PLQY)
at 370 nm excitation of 0.7% for KPHI, 1.2% for NaPHI, and
1.3% for CsPHI. Thus, emissive (bright) states constitute only
a minor fraction of photoexcited carriers. TAS measurements, in
contrast, detect both emissive and non-emissive states, including
those critically involved in charge separation and photocatalysis.
In other words, the vast majority of photogenerated excitations
in our materials relax into non-emissive states, which dominate
TAS signals and drive catalytic processes.

Excitingly, the above-mentioned phenomenological insights
from spectroscopy can be directly linked to our recent theoret-
ical work on the relation between the structure and exciton dy-
namics in PCNs.[3] Notably, we proposed the strong influence of
dark (i.e., selection rule-forbidden, here specifically momentum-
forbidden) excitons on the photoactivity of various PCNs since —
in contrast to bright excitons — the formation and the lifetimes of
the dark excitons were more significantly affected by variations
of the microstructure of PCNs, in particular by varying interac-
tions between heptazine units. In structural terms, we found that
dark exciton lifetimes can be significantly extended depending
on the degree of interlayer interaction and corrugation, primar-
ily due to lone-pair (LP) electron interactions. Specifically, two
primary mechanisms responsible for dark exciton lifetimes in
carbon nitrides were identified. The first mechanism involving
long-lived (deep-trapped) excitons, which result from forbidden
transitions caused by minimal LP-LP orbital overlap due to pro-
nounced corrugation, was demonstrated for graphitic (fully con-
densed) domains in conventional (non-ionic) carbon nitrides. The
second mechanism, proposed to be prominent in ionic carbon ni-
trides (PHIs), involves swift interlayer exciton transfers enabled
by enhanced z—z orbital interactions arising from optimized in-
terlayer stacking pattern, and is associated with shallow-trapped
dark excitonic states. These findings are further supported by the
observation that strong exciton binding energies (> 2 eV) com-
puted for various monolayer microstructural models are substan-
tially reduced to < 1 eV upon stacking, indicating that microstruc-
tural features and interlayer interactions are paramount factors
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governing the excitonic effects in PCN derivatives, including
PHIs.

Drawing on these results, we now provide a detailed theoreti-
cal analysis of the influence of specific cations on the PHI struc-
tures, particularly with respect to the feasibility of interlayer dark
exciton transfer and related enhancement of exciton lifetimes.
First, the changes in the electronic structure of KPHI, NaPHI,
and CsPHI induced by varying cation contents were evaluated
by calculating the projected densities of states (PDOS) (Figures
S14 and S15, Supporting Information). Nevertheless, the band-
edge contributions of the cations remained subtle, so the effects
of their content and positions were negligible. This made it chal-
lenging to directly explain the variations in the behavior of differ-
ent materials. On the other hand, it unequivocally suggests that
cations do not affect the electronic transitions and excitonic ef-
fects directly, but rather indirectly, i.e., due to the PHI structural
changes induced by their presence. Importantly, the systematic
analysis of Bader charges (Figures S16-S19, Supporting Infor-
mation) and changes in effective band centers (Figure S20 and
Tables S5 and S6, Supporting Information) provides critical in-
sights into the influence of different cations and their interac-
tions on the PHI structure and corresponding excitonic effects
(Figure 7). In NaPHI (Figure 7a), Na ions primarily interact with
nitrogen LP electrons, leading to corrugation-related exciton de-
cay patterns typical for PHIs.[133] Due to its small ionic radius,
Na* induces stronger localized corrugation when intercalated be-
tween the layers, as compared to KPHI and CsPHI or to (hypo-
thetical) cation-free PHI structure. Since Na* induces significant
corrugation within the layers, it has a slightly detrimental effect
on the overall interlayer interactions typical in PHIs, limiting the
exciton lifetimes (Figure S21, Supporting Information). In con-
trast, KPHI exhibits interactions that vary depending on the po-
sitioning of K* ions, which engage either with LP electrons or «
electrons in the PHI structure. The less pronounced corrugation
in KPHI, as compared to NaPHI, enhances these characteristics,
resulting in a more versatile interlayer exciton dynamics as com-
pared to NaPHI (Figure 7b). Finally, the analysis of CsPHI pre-
dicts a distinct behavior due to the much larger ionic radius of
Cs™ cation, which makes it prone to being positioned between
the layers. However, the firm positioning of Cs* between lay-
ers not only induces enhanced structural disorder (see the XRD
data in Figure 1c), but also restricts significantly the PHI in-
terlayer interactions (Figure 7c). This suppression of interlayer
interactions, particularly those involving phonon-derived vibra-
tional modes,!?] affects the z—r orbital electron interactions crit-
ical for effective interlayer exciton transfer to the surface, where
it can react with an electron donor.

To summarize, our theoretical framework provides a basis to
interpret the observed modulation of exciton lifetimes as being
primarily related to different dark exciton dynamics governed by
changes in interlayer interactions due to the altered structural
corrugation in the presence of various cations. While Na™* affects
the interlayer interactions minimally, K* exerts a partial benefi-
cial effect on them, and Cs* heavily suppresses them. The inter-
layer dark exciton transfer is predicted to be highly beneficial for
effective scavenging of holes by electron donor (such as EtOH)
at the PHI surface, which is a key process in avoiding recom-
bination and establishing photocatalytic turnover. Thus, our re-
sults establish a consistent rational link between the observed
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Figure 7. Schematic illustration of the proposed dark exciton transfer dynamics in PHIs as a function of the intercalated cation species: a) NaPHI, b)

KPHI, and c) CsPHI.

photocatalytic activity (Figure 1b), the exciton lifetimes (Figure 6),
and structural features of ionic carbon nitrides with different
cations. Moreover, they suggest that the superior photocatalytic
performance of PHI materials employing mixed cations (e.g.,
Na* and K*) reported in the literature!*®! might be understood in
terms of more delicate structural tuning that renders the inter-
layer dark exciton dynamics beneficial. More broadly, our results
provide additional evidence for the critical role of dark exciton dy-
namics in photocatalysis, in line with the recent findings of Zhao
et al. on anatase TiO,.[?*

3. Conclusion

In this work, we have, for the first time, established a direct
and consistent correlation between photocatalytic activity, de-
tailed spectroscopic characterization, and theoretical analysis of
structural effects on exciton dynamics in an important class of
materials — ionic (PHI-type) polymeric carbon nitrides. Through
a combination of steady-state and time-resolved emission spec-
troscopy, ultrafast transient absorption measurements, and com-
prehensive theoretical modeling, we demonstrate that the nature
of intercalated cations exerts a profound indirect influence on
dark exciton dynamics by modulating the structural corrugation
and interlayer interactions within PHI frameworks. Our spectro-
scopic results reveal systematic trends in exciton lifetimes and
trapping behavior, which align remarkably well with the photocat-
alytic performance of water-soluble ionic carbon nitrides with dif-
ferent cations (KPHI, NaPHI, and CsPHI) in H,O, production.

Adv. Sci. 2025, 09312 €09312 (10 of 12)

In particular, ultrafast transient absorption spectroscopy resolved
two excitonic relaxation pathways —a rapid (sub-100 ps) decay via
excitonic and shallow traps and a slower (sub-nanosecond) decay
via deep traps. Notably, only the exciton and shallow-trap pop-
ulations were sensitive to hole scavenging by ethanol, whereby
the effect was more pronounced for shallow-trapped species. As
a result, the markedly inferior H,0, generation by CsPHI can
be attributed to its inefficient hole extraction, evidenced by the
negligible change in its exciton and shallow-trap decay kinet-
ics upon ethanol addition, in contrast to the significant accel-
eration of decay processes observed for NaPHI and KPHI in
the presence of ethanol. These experimental insights are fur-
ther supported by theoretical analysis, which elucidates how spe-
cific cation-framework interactions control the structure of PHIs
and govern the feasibility of interlayer dark exciton transfer —
a key factor in determining photocatalytic activity. Notably, we
show that Na* maintains the characteristic PHI exciton behav-
ior with minimal disruption to interlayer dynamics, K* partially
enhances interlayer exciton transfer, while Cs* severely hampers
these processes due to structural disorder and restricted inter-
layer coupling. This study thus provides a comprehensive and
rational framework linking material structure, exciton dynamics,
and photocatalytic function in PHIs. Beyond advancing the fun-
damental understanding of excitonic processes in polymeric car-
bon nitrides, our findings offer valuable design principles for tai-
loring photocatalytically active PHI-based materials through con-
trolled tuning of dark exciton dynamics by modification of inter-
layer interactions.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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4. Experimental Section

Materials: Water-soluble, aqueous alkali metal cation poly (heptazine
imide) (PHIs) with different concentrations (NaPHI, KPHI, and CsPHI
with concentrations of 1.1, 1.2, and 1.6 g LT respectively) were pre-
pared following Krivtsov et al. and diluted to proper concentrations ac-
cording to the experimental requirement.3b] The synthesis procedure in-
volves thermal condensation of melamine with different metal hydroxide
melts (NaOH, KOH, or CsOH) at 330 °C to yield surface functionalized
heptazine-based NaPHI, KPHI, and CsPHI, respectively. For details of the
synthesis and characterization methods, see the Supporting Information.
Ethanol (EtOH) (pure, 200 proof) was obtained from Sigma—Aldrich and
used without further purification. Silver nitrate (AgNO3) was obtained
from Sigma—Aldrich, and 3.4 mg of AgNO; was dissolved in 10 mL of
water to prepare a 2 mM stock solution.

Photocatalytic H,0, Evolution: The photocatalytic activity of the PHI
materials in the production of H,0, was investigated over a period of 4
h. To this end, a PHI solution of 20 mL with a PHI concentration of 0.75 g
L™ 1 containing 10 vol.% ethanol (VWR, 99.8%) was prepared and irradi-
ated by a UV LED (365 nm, photon flux of 50 mW cm~2). The temperature
was kept constant at 22 °C using a thermostat (Julabo 200F). During the
experiment, the solution was stirred under air. The H,0O, concentration
was determined photometrically; after 0, 1, 2, and 4 h, samples (0.5 mL)
were taken and 0.5 mL TiOSO, solution (Ti 1 wt.%) in sulfuric acid was
added. The addition of the TIOSO, caused the catalyst to coalesce, so that
it could be easily removed using a 0.2 um PTFE syringe filter. The filtered
solution was analysed using a Cary 60 (Agilent Technologies) UV-vis spec-
trophotometer. The absorbance values at 420 nm were taken to estimate
the concentration of the produced H,0,. Beforehand, a calibration curve
was constructed using standard H,O, solutions, following the same pro-
cedure as described before. The control experiments in the absence of any
photocatalyst showed no observable formation of H,0,. Standard errors
were calculated from at least three experiments, and error bars represent
the 95% confidence interval.

Steady-State UV-vis Absorption and Emission Spectroscopy: The steady-
state absorption spectra were measured on a Jasco-V780 UV-vis-NIR spec-
trophotometer using 1 cm quartz cuvettes. Water-soluble PHIs were irra-
diated using a 365 nm LED (Thorlabs, M365LP1) with the irradiance of 75
mW mm~2 within the UV-vis spectrometer for time-lapse UV-vis exper-
iments. The UV-vis spectra under illumination at 365 nm were collected
after 10 min of irradiation, followed by 2 min in the dark for 12 cycles.
Steady-state emission spectra were recorded using an FLS980 emission
spectrometer (Edinburgh Instruments Ltd, the United Kingdom) equipped
with an ozone-free Xenon arc lamp (450 W) as an excitation source. The
measurements were performed at various excitation wavelengths from
340 to 520 nm using 1 cm quartz cuvettes with a spectral resolution of
Al =1nmand Al,,, =2 nm, in the excitation and emission channels,
respectively. Optical density with varying excitation wavelengths and dif-
ferent PHIs varies between 0.1 and 0.0002. PHIs with a concentration of 1
g L1 were prepared from the respective PHI stock solutions to measure
steady-state absorption, and also in the presence of 10 vol.% EtOH and
0.2 mM AgNO;. Steady-state emission measurements were conducted on
the samples with the same optical density, i.e., 0.1, at 340 nm.

Time-Resolved Emission Spectroscopy: ~ Spectrally resolved emission de-
cays were measured using a Hamamatsu streak scope C4334 (Hama-
matsu Photonics, Japan) in photon counting mode with a time window
of 1.7 ns. The sample was excited with a frequency-doubled output of a
Ti-sapphire laser (Tsunami, Newport Spectra-Physics GmbH, the USA) at
370 nm at a pulse repetition rate of 80 MHz. The instrument response
function was measured using the SiO, nanoparticles. The emissions from
the sample were collected by a Chromex 250IS 3 imaging spectrograph.

Time-Resolved Transient Absorption Spectroscopy: Femtosecond tran-
sient absorption measurements were performed using a home-built
experimental setup at room temperature in 1 mm pathlength quartz
cuvettes.[®] A white-light supercontinuum probe pulse at 1 kHz repeti-
tion rate was generated by focusing a minor part of the output of the am-
plified Ti:Sapphire laser system (Libra, Coherent) into a rotating CaF, crys-
tal. After splitting the white light into a probe and a reference, the probe
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pulse was focused onto the sample using a concave mirror with a focal
length of 500 nm. The spectra of probe and reference were detected by
a Czerny-Turner spectrograph (SP2150, Princeton Instruments, 150 mm
focal length) equipped with a diode array detector (Pascher Instruments
AB, Sweden). The 325 nm 100-fs pump pulses were generated by a TOPAS-
White. The average pump power was set to 120 mW, corresponding to an
estimated fluence of 96 uj cm~2. The repetition rate of the pump pulses
was reduced to 0.5 kHz by a mechanical chopper, and the mutual polariza-
tion between the pump and probe was adjusted to the magic angle (54.7°).
Having passed the sample, the pump pulses were blocked and the probe
intensity was measured as a function of the optical delay (within a time
range of 10 ns) between the probe and pump pulses. For the data analy-
sis, the data were first chirp-corrected using coherent artifact signals,[2¢]
and subsequently a sum of exponential functions was fitted to the data
using a global fitting routine.

Statistical Analysis:  Statistical methods, including data presentation
and sample sizes, were provided in the corresponding figure and table
captions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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