
Charge Transfer-Induced Weakening of Vibronic Coupling for Single
Terrylene Molecules Adsorbed onto Hexagonal Boron Nitride
Titus de Haas,∇ Robert Smit,∇ Arash Tebyani, Semonti Bhattacharyya, Kenji Watanabe,
Takashi Taniguchi, Francesco Buda,* and Michel Orrit*

Cite This: J. Phys. Chem. Lett. 2025, 16, 349−356 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Fluorescence spectra of single terrylene molecules adsorbed on hexagonal boron nitride
flakes were recorded at cryogenic temperatures. The pure electronic transitions of terrylene molecules are
spread over a broad energy scale from 570 to 610 nm. Surprisingly, peaks in the vibrationally resolved
fluorescence spectrum show intensity variations of ≤20-fold between molecules. We find an extreme case in
which the Debye−Waller−Franck−Condon factor of the zero-phonon line exceeds 0.8. The vibronic
intensity correlates with both the spectral position of the electronic transition and the frequency of the
longitudinal stretch mode, which varies between 243 and 257 cm−1. Using density functional theory
calculations, we show that these observations can be explained by terrylene chemisorption on charge-
donating defect sites. The electronic states of molecules at such chemisorption sites would be very attractive for the efficient
emission of single photons with narrow lines and for the generation of indistinguishable photons.

The emission of a photon by an excited molecule is
generally accompanied by the release of molecular

vibration quanta arising from the change in molecular
geometry between the molecule’s ground and excited states.
The larger the change in geometry, the more pronounced the
associated vibronic bands in the fluorescence spectrum (see
the theoretical discussion in section S1 of the Supporting
Information). At liquid helium temperatures, these vibronic
fluorescence lines become very sharp, a few inverse centimeters
in width or less,1 and are often used as fingerprints of the single
molecule under study. This so-called fluorescence line
narrowing generally works well for molecules embedded in
n-alkane Shpol’skii matrices,2 for specific guest molecules in
organic matrices3 and, as recently demonstrated, for single
terrylene molecules adsorbed on the surface of hexagonal
boron nitride (hBN).4 This latter host system is also currently
scrutinized for the many single-photon emitters that it can
host, with emission ranging from deep ultraviolet5 to the near
infrared.6 Recently, in conjunction with our work of terrylene
on hBN, new insights into the potential nature of some of
these emitters were gained, namely on the potential formation
of aromatic molecules at the hBN/substrate interface during
high-temperature annealing.7 The same work also summarizes
the many defect structures in the hBN crystal lattice that have
been proposed in the past to explain the measured emission
from hBN. In addition, a recent work on hBN immersed in
organic solvents showed that some solvent molecules can
potentially bind to defects and display localized fluorescence,
while hopping from binding site to binding site.8 This work is
particularly interesting as it suggests that molecules can bind
more strongly to specific sites on hBN.
In our previous work on single terrylene molecules on hBN,

we reported that molecules with red-shifted electronic

transitions displayed weaker vibronic coupling and thus show
a more intense zero-phonon line in the spectrum, captured by
a higher Franck−Condon−Debye−Waller factor αFCDW.

4 If the
interaction of the terrylene molecule with the hBN surface
could be engineered to maximize this factor, this control
method would potentially be much simpler than current
methods such as coupling a molecule to an optical cavity.9 In
this work, we examine potential origins of the weakened
vibronic coupling, observed particularly for the most red-
shifted terrylene molecules. We perform quantum chemical
calculations at the density functional theory (DFT) level of the
interaction of terrylene with a pristine hBN surface and find
little change in the vibronic coupling. We then investigate
several defects in the hBN lattice and find that some of them,
in particular an oxygen substitution at a nitrogen site (ON) and
vacancies at the boron (VB) or nitrogen (VN) site, can transfer
charge to terrylene. Interestingly, we find that this charge
transfer reduces the change in geometry between the ground
and excited states as compared to that of terrylene in vacuum
and strikingly decreases the vibronic coupling of all modes
simultaneously in the emission spectrum. This charge-donating
or -accepting behavior is also relevant to the field of dye-
sensitized solar cells, where functionalized terrylenes and
similar dyes have been employed for the efficient generation of
photocurrents.10,11

Received: October 6, 2024
Revised: December 7, 2024
Accepted: December 20, 2024
Published: December 30, 2024

Letterpubs.acs.org/JPCL

© 2024 The Authors. Published by
American Chemical Society

349
https://doi.org/10.1021/acs.jpclett.4c02899

J. Phys. Chem. Lett. 2025, 16, 349−356

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 I
N

ST
 F

O
R

 M
A

T
L

S 
SC

IE
N

C
E

 (
N

IM
S)

 o
n 

Ja
nu

ar
y 

15
, 2

02
5 

at
 0

2:
07

:2
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Titus+de+Haas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Smit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arash+Tebyani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Semonti+Bhattacharyya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Buda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michel+Orrit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.4c02899&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02899?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02899?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02899?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02899?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02899/suppl_file/jz4c02899_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02899/suppl_file/jz4c02899_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02899?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/16/1?ref=pdf
https://pubs.acs.org/toc/jpclcd/16/1?ref=pdf
https://pubs.acs.org/toc/jpclcd/16/1?ref=pdf
https://pubs.acs.org/toc/jpclcd/16/1?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Four examples of single-molecule fluorescence spectra
obtained from four individual molecules are presented in
Figure 1a−d and arranged by decreasing intensity of their
vibronic lines. In all cases, we recognize, with some variation,
the fingerprint of vibrational frequencies of the ground state of
terrylene, which ensures that all of these molecules are
terrylene (see the structure in Figure 1e) and no other
impurity. Most of the lines correspond to the release of a single
quantum of vibration in various intramolecular modes (0−1),
with their intensity related to the Franck−Condon factor of
these modes (see section S1 for a short reminder of the theory
of vibronic coupling).

In addition to the intramolecular vibrational modes, we also
see the phonon wing appearing most clearly between 0 and
100 cm−1 to the red of the 0−0 ZPL origin. The intensity of
the vibronic fingerprint decreases when going from molecule A
to D, with the corresponding values of the Franck−Condon−
Debye−Waller factor (αFCDW) being 0.24 (A), 0.35 (B), 0.51
(C), and 0.80 (D). Molecule D shows an extremely weak
vibronic coupling, with a Franck−Condon−Debye−Waller
factor of at least 0.80, which largely exceeds the largest ones
observed for organic molecules in a matrix at low temperatures.
To the best of our knowledge, all factors observed so far for
organic molecules were <55%.12 Another surprising observa-
tion is that, for each molecule, the coupling strengths of all

Figure 1. (a−d) Fluorescence emission spectra from four different molecules at different wavelengths in the inhomogeneous distribution. The
spectra depicted in panels A and D were taken at a slightly lower resolution (600 lines/mm grating, 4 cm−1 resolution) as compared to that of the
spectra depicted in panels B and C, which were taken with a grating of 1200 lines/mm (2 cm−1 resolution). The first three spectra show decreasing
Franck−Condon factors with an increase in the 0−0 zero-phonon line (ZPL) wavelength. The fourth spectrum is the most extreme case of
ultraweak vibronic coupling we could find. Note that the intensity of all vibronic lines is reduced by a factor of ∼20 with respect to molecule A. The
integration times were 10 s for spectrum a, 300 s for spectrum b, 150 s for spectrum c, 600 s for spectrum d. The noise in the spectra depends on
the integration time and mean signal intensities that varied for each molecule. Panel e shows the inhomogeneous distribution composed of 452
individual terrylene molecules, with the structure of terrylene in the inset. The relationship between the 0−0 ZPL and FC factor of the 0−1 ZPL is
shown in panel f, while the frequency of the vibration mode responsible for the 0−1 ZPL in relation to its FC factor is shown in panel g. The
corresponding molecules in the spectra of panels a−d are shown as black markers in the scatter plots. The purple dashed line in panel f is a guide to
the eye for the trend, resulting from a linear fit to the data. We note the strong anticorrelation between the Franck−Condon factor and the
frequency of the extensional mode at 250 cm−1 in panel g. This is particularly extreme for molecule D (triangle), which is the one with the highest
frequency (257 cm−1) and the lowest 0−1 Franck−Condon factor (0.026) for this mode.
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vibrational modes, including lattice phonons, vary in a similar
way across the spectrum. An alternative formulation of this fact
is that the change in the geometry of some particular molecules
upon excitation can become very small for all molecular modes
simultaneously. This is surprising because, whereas we could
expect a weak equilibrium shift for certain modes due to
specific interaction with the substrate, we would not expect this
to occur simultaneously for all of the modes.
Figure 1e presents a histogram of the 0−0 ZPL spectral

positions of 452 molecules. The broad distribution in this
histogram, extending over a particularly broad range (570−610
nm or >1000 wavenumbers), exceeds what is usually observed
for terrylene embedded in molecular crystals and presents
distinct maxima ∼10 cm−1 in width. We assign this structure in
the distribution of Figure 1e, with maxima around 571, 582,
and 600 nm, to selection within a broad profile through
resonance of vibronic lines with the excitation laser. As all
molecules were excited with a fixed 532 nm laser, molecules
with absorption lines at this wavelength had an increased
probability of being selected in the histogram. Indeed, the
relative position in wavenumber of the 0−0 zero-phonon lines
(ZPLs) with respect to the laser wavelength resembles the
mirror image of the vibrational spectra of Figure 1a−d. The
large inhomogeneous broadening may be the result of
significant variations in the environment around the molecule,
which might be affected by parameters such as significant
tensile strain13 or the many types of (charged) defects
present.14 In addition, the annealing that we perform prior
to the deposition of molecules on the hBN may also
hydroxylate parts of the hBN15 or create wrinkles in the
sheets.16

We now turn to the scatter plots of panels f and g of Figure
1. We observe a clear correlation in Figure 1f between the
spectral position of a molecule and the intensity of its first
vibronic line at ≈250 cm−1, corresponding to stretching of
terrylene along its long axis. Red-shifted molecules tend to be
less strongly coupled to vibrations. The correlation is even
more pronounced in Figure 1g when the vibronic coupling of
the longitudinal stretch mode is correlated with its frequency.
Molecules with a high stretch frequency appear clearly more
weakly coupled to the electronic system. This correlation
reaches an extreme point for molecule D, whose FC factor for
the 0−1 ZPL (0.027) is >10 times lower than the average over
all other molecules, while its stretch mode is that with the
highest frequency at 257 cm−1. As the effective mass of this
skeleton mode is not likely to change much from molecule to

molecule, the high frequency points to a fairly strong
interaction of molecule D with the surface, which appears to
change the intramolecular spring constant by ∼8%.
As noted above for molecule D, we see that the level of

coupling to all vibrations decreases in a similar way when going
from molecule A to D. Although some minor intensity
changes, shifts, and splitting of certain modes can be spotted,
we observe no major redistribution of intensities between the
main modes, so that all of them follow qualitatively the general
trend observed on the 250 cm−1 stretch mode.
DFT was employed to study physisorption of terrylene on a

pristine hBN surface and on hBN, including a selection of
potential lattice defects. The considered defects include a
boron vacancy (VB), a nitrogen vacancy (VN), the boron
nitride (VBN) divacancy, and oxygen substitution at the boron
(OB) or nitrogen (ON) centers. Indeed, as our samples were
annealed in a moderate vacuum of residual air, oxygen
substitution appears to be plausible. Although a comprehensive
study of possible defects is beyond the scope of this work,
these vacancies and substitutions are representative of a wider
range of defects with either electron-accepting or electron-
donating properties. Ground state structure optimizations and
band structure calculations of the terrylene−hBN interfaces
were performed at the HSE06+D3BJ DFT level using the
CP2K software package.17−19 Calculations of the vibronic
spectra were subsequently performed with FCclasses3 using
geometries, Hessians, and dipole moments calculated with
Gaussian.20,21 In these excited state calculations, a two-layer
ONIOM(B3LYP/PM3) approach was employed, as consider-
ing the entire interface structure at the time-dependent DFT
(TD-DFT) level was too computationally demanding.22−30

More details about the computational workflow are provided
in sections S2 and S3 of the Supporting Informarion.
The first two columns of Table 1 present physisorption

energies and partial Mulliken charge accumulation on terrylene
in the presence of the considered defects, calculated at the full
DFT level. Charge analysis has also been performed using
Hirshfeld and intrinsic orbital analysis charges, which show the
same trend and are listed in Table S2.31 The physisorption
energy of terrylene on a perfect monolayer of hBN was found
to be −2.44 eV, compared to that of terrylene and hBN in a
vacuum. This adsorption energy follows the trend reported in
the literature of increasing adsorption energy with an increase
in molecule size for polycyclic aromatic hydrocarbons (PAHs)
on hBN.32 Defect site binding energies were established by
comparing the adsorption energies on defects with the

Table 1. Adsorption Energies and Properties of Terrylene Adsorbed on Different Defectsa

long-axis length (Å) short-axis length (Å)

adsorption energy
(eV)

Mulliken charge on terrylene (atomic
units)

ground
state

excited
state Δx

ground
state

excited
state Δx

vacuum − − 10.078 10.044 −0.034 4.839 4.883 0.044
pristine hBN −2.44 0.02 10.089 10.054 −0.035 4.843 4.887 0.044
VBN

b −2.36 0.02 − − − − − −
VB −2.52 0.83 10.054 10.041 −0.013 4.829 4.854 0.023
VN −2.46 −0.68 10.094 10.082 −0.012 4.839 4.860 0.021
OB
b −2.29 0.01 − − − − − −

ON −3.96 −0.70 10.095 10.083 −0.012 4.839 4.860 0.021
aNote that adsorption energies and Mulliken charges are calculated at the full DFT level, while the structural properties are calculated at the
ONIOM(B3LYP/PM3) level. Δx indicates the change in axis length from the excited to ground state. bAs the VBN and OB defects have a lower
binding energy for the terrylene molecule compared to defect-free hBN, we did not further investigate the excited state geometry of terrylene on
these defects.
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adsorption energy on the defect-free lattice. It was found that
the VBN divacancy and the OB defects bind the molecule less
strongly than pristine hBN, with values of 0.08 and 0.15 eV,
respectively. It is therefore unlikely that the terrylene molecule
would be localized on these specific defects. On the contrary,
the adsorption energies in the presence of the VN and VB
vacancies are slightly higher (by 0.02 and 0.08 eV, respectively)
than those of the defect-free case, and specifically for the ON
defect, the binding is much stronger (by 1.52 eV). Notably,
this latter defect has also been proposed as a source for specific

features observed via X-ray spectroscopy.33 The reported
partial Mulliken charges reveal that the three terrylene-
adsorbing defects (VN, VB, and ON) donate a considerable
amount of electron (VN and ON) or hole (VB) density to
terrylene. This type of charge transfer has been reported before
in GGA-based DFT studies on hBN−graphene heterostruc-
tures.34 As a consequence of this charge transfer, we observe
significant changes in the extent to which terrylene elongates
or contracts upon excitation from the ground state to the
excited state. For instance, in the defect-free hBN, the long-axis

Figure 2. (a−c) Terrylene molecules adsorbed on a single monolayer of pristine hBN. (a) Longitudinal (green) and short (blue) axes and (b)
HOMO and (c) LUMO, with the isosurfaces plotted at 0.03 au. The carbon atoms of the graphene A and B sublattices of terrylene are depicted
with insets in panel a. (d and e) Spin density on the ON chemisorption site before and after binding of terrylene with an isosurface plotted at 0.005
au. Projected density of states (PDOS) of (f) terrylene adsorbed on pristine hBN, (g) hBN with the ON defect, and (h) terrylene adsorbed on hBN
with the ON defect. The PDOS values were computed in CP2K at the HSE06+D3(BJ) level and include a Gaussian broadening of 0.05 eV. Bands
with transparent colors correspond to unoccupied levels. The α and β bands for hBN with the ON defect in panels g and h largely overlap and are
depicted in the same color (orange). However, it should be noted that the defect state in panel g is singly occupied.
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contraction in the excited state is −0.035 Å, whereas in the
presence of the ON defect, this contraction is reduced to only
−0.012 Å (see Table 1). Therefore, one can expect the
intensity of vibrational modes coupled to the electronic
transition to be affected considerably in the fluorescence
spectrum.
Figure 2a shows the optimized geometry of terrylene on the

hBN single-layer lattice. The two structures are nearly
commensurate. The terrylene carbon atoms of the graphene
A sublattice are found to reside on top of monolayer boron
atoms, whereas the terrylene carbon atoms of the B sublattice
are placed over the centers of the (BN)3 hexagons (A and B
sublattices are indicated in Figure 2a). The hBN nitrogens are
thus placed underneath the centers of the terrylene aromatic
rings. Previous theoretical works have also found this
configuration to be most stable for similar PAHs on
hBN.32,35 Our TD-DFT calculations show that the exper-
imentally observed fluorescence at ∼600 nm is associated with
the electronic transition that involves predominantly (>70%)
the HOMO and LUMO orbitals. Panels b and c of Figure 2
present the HOMO and LUMO orbitals of the terrylene
molecule on the hBN surface. Both orbitals are localized on the
terrylene molecule and do not hybridize with hBN electronic
states. This is in line with Figure 2f, which shows that the
frontier orbitals of terrylene are found to reside completely
isolated within the hBN bandgap. The calculated bandgap of
∼5.7 eV is similar to previous studies reporting hBN bandgaps
of ∼6 eV.35,36 The shapes of the HOMO and LUMO orbitals
provide a physical interpretation for the observed short-axis
elongation and long-axis contraction when terrylene is excited
from the ground state to the excited state as electron density is
transferred from bonding orbitals along the short axis to
bonding orbitals along the long axis. Similarly, one can expect
that populating the LUMO orbital may affect the spectral
position of the long-axis vibration observed at ≈250 cm−1.
For the remainder of this discussion, we focus on the

terrylene interaction with the ON defect as binding to this
defect was found to be particularly strong. Figure 2d shows the
spin density at the ON defect site. Interestingly, the excess
electron is localized almost entirely on the lone pair of the
boron atom adjacent to the introduced oxygen atom, resulting
in an out-of-plane distortion of the boron atom. Figure 2g
shows that the introduced defect state is localized within the
hBN bandgap, at an energy similar to that of the terrylene

LUMO orbital. Upon chemisorption of terrylene, the excess
electron is transferred to the terrylene, which is made apparent
by the spin density in Figure 2e and the PDOS plot in Figure
2h. Once the excess electron has transferred to terrylene, the
hBN relaxes again to its planar structure. A similar electron
donor state is introduced by the VN vacancy, which is shown in
Figure S2. We note that the terrylene HOMO−LUMO gap
decreases upon charge transfer. This aligns with the red-shift of
the 0−0 ZPL that was observed for specific terrylene molecules
in the single-molecule fluorescence experiments. In contrast to
the ON and VN cases, the VB vacancy introduces an acceptor
state close to the valence band. In this case, it is the terrylene
molecule that donates charge to the hBN surface rather than
the opposite (see Figure S3). Despite considerable charge
transfer at all of these chemisorption sites, no single isolated
covalent bond is formed between the adsorbate and adsorber.
Only an ∼0.2 Å shortening of the terrylene−hBN distance is
observed in the case of chemisorption on the ON and VN
defects (see Table S3).
In addition to the geometry optimizations, PBE-DFT-based

molecular dynamics simulations were carried out to gain
insights into the diffusive behavior of terrylene on pristine
hBN. The optimized structure was used as input for a 5 ps
equilibration run at 300 K. Subsequently, the system was
propagated for an additional 5 ps in a production run. Figure
S4 shows three structures sampled from the MD production
run trajectory at 0, 2, and 4 ps. Despite the relatively high
binding energy, the MD simulations show that at 300 K,
terrylene can rotate and even translate on the pristine hBN
monolayer on the picosecond time scale. This strengthens our
belief that the observed localized emission at room temper-
ature37 originates from terrylene chemisorbed at specific defect
sites.
Figure 3 shows the calculated vibrationally resolved

fluorescence spectra for terrylene in vacuum, terrylene on
hBN, and terrylene adsorbed onto the ON defect site. Both the
spectra of terrylene in a vacuum and terrylene on pristine hBN
match very closely the experimental spectrum reported for
molecule A in Figure 1a. The most prominent feature in all
simulated spectra is the peak observed at ∼250 cm−1, which
originates from a stretching vibration along the terrylene
longitudinal axis (Figure S6, mode 11).39,40 Other strong peaks
in the spectrum are found around ∼1285 and ∼1570 cm−1 and
also involve nuclear distortions in the same direction and with

Figure 3. Computed vibrationally resolved fluorescence spectra of terrylene (a) in vacuum and on (b) hBN and (c) hBN adsorbed onto the ON
defect. All spectra are shifted such that their respective 0−0 ZPL is centered at 0. The spectra are corrected with a linear scaling function with
parameters of 0.977 and 4.132, as suggested by Palafox.38 All intensities are scaled such that the intensity of the 0−0 ZPL equals 1. The intensities
of the peaks observed above 400 cm−1 are multiplied by a factor of 8 for panels a and b and a factor of 20 for panel c.
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the same Ag symmetry (Figure S6, modes 86 and 108). The
peaks around 540 cm−1 are associated with a contraction along
the terrylene short axis and preserve the same Ag symmetry.
Table S4 provides a complete assignment of the fluorescence
signals with an intensity of >1% of the 0−0 ZPL intensity. Our
interpretation aligns with that of Deperasinśka and Kozankie-
wicz39 and that of Greiner and Sundholm.40

None of the vibrational peak intensities change significantly
between the terrylene spectrum in vacuum and the terrylene
spectrum on pristine hBN. We thus conclude that the observed
ultraweak vibronic coupling cannot be attributed solely to the
adsorption process of terrylene on the defect-free lattice.
However, both the fluorescence wavelength and the intensity
of features in the spectrum change drastically when terrylene is
chemisorbed on the ON defect site or on the VN and VB sites
(see Figure S5). The effective charge transfer and con-
sequential structural rearrangement in the ground and excited
state led to a much weaker vibronic coupling, characterized by
an overall diminished intensity of all vibrational features and an
increased intensity of the 0−0 ZPL. The intensity ratio of the
stretching mode around 250 cm−1 to the ZPL decreases by a
factor of ≈5 when comparing the terrylene on defect-free hBN
with the terrylene on the ON defect (see Tables S5 and S6).
Interestingly, peaks that originate from vibrational overtones
and combinations of vibrational modes are weakened
substantially more than peaks that originate from a single
mode in its lowest vibrational state, as demonstrated by the
peaks at ∼490 and ∼1817 cm−1 that almost vanish in spectrum
c of Figure 3. This diminishing of overtone peaks is also
observed in the experimental spectra in panels c and d of
Figure 1. The observation that all peaks are simultaneously
diminished is explained by the fact that all visible vibrational
modes have the same symmetry and involve nuclear displace-
ments along the terrylene short and long axes (Figure S6). The
wavelength of the 0−0 ZPL shifts to the red by ∼43 nm upon
introduction of the ON and VN defects (see Figure 3 and
Figure S5), closely matching the experimentally observed red-
shift. The adsorption of terrylene on the hole-donating VB
vacancy also leads to a diminished vibronic coupling, but to a
much larger, ∼100 nm, red-shift of the 0−0 ZPL (see Figure
S5). Even though this red-shift is larger than the experimentally
observed red-shift, we do not rule out the possibility of
electron-withdrawing defects affecting the fluorescence spec-
trum, as the overly large shift could be an artifact of
exaggerated charge transfer description within the ONIOM
approach. In summary, the significant overall reduction of
vibronic coupling, the nearly vanishing vibrational overtones,
and the red-shifted 0−0 ZPL observed for terrylene on charge-
donating defects strongly suggest that such a defect may be
responsible for the experimentally observed large molecule-to-
molecule variations. In the work of Vasilev et al.,41 large shifts
of a 0−0 ZPL were also observed upon localized charging of a
phthalocyanine molecule through deprotonation. These shifts
were interpreted as an “internal Stark effect”. In our case, the
interaction of terrylene with a particular hBN defect also leads
to charge transfer from the defect to the aromatic molecule and
therefore to local electric fields shifting the electronic
transition. These effects are naturally included in the DFT
calculations that reproduce the red-shift of the 0−0 ZPL. In a
similar manner, the change in vibronic coupling intensity,
which we observe experimentally and confirm through DFT
calculations, could be interpreted as a vibrational Stark effect,

i.e., a change in coupling due to charge transfer-induced local
fields.
In summary, the single terrylene molecules observed

through fluorescence on an hBN surface do not diffuse
translationally or rotationally at low temperatures and even
show localized emission at room temperature, as also noted in
earlier experiments.4,37 The latter observation is in contrast to
the performed molecular dynamics simulations that show that
molecules would diffuse rapidly on defect-free hBN. Moreover,
many molecules display a comparatively strong red-shift of
their optical transition (from 570 to >620 nm) and
considerable variation in the intensity of their vibronic
structure in fluorescence. All of these observations point to a
strong interaction of the molecule with the substrate, although
the interaction is not strong enough to radically modify the
chemical nature of terrylene. As van der Waals interactions of
terrylene with hBN are not strong enough to account for the
observations described above, it is natural to assume that some
degree of chemisorption between the molecule and the surface
takes place. From quantum chemical calculations, we can select
two potential candidate binding sites that are given by
chemisorption to a ON or VN defect assisted by charge transfer
from the defect to terrylene. Moreover, the binding to such
defects affects the geometries of terrylene in the ground and
excited states in such a way that the vibronic couplings of all
modes are affected simultaneously, as observed in the
experiment. To experimentally investigate the possibility of
specific defects being responsible for chemisorption of
terrylene, we propose experiments that involve the engineering
of defects, such as oxygen-related defects created by hydrogen
plasma irradiation42 or vacancies by low-energy ion irradi-
ation.43
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(39) Deperasinśka, I.; Kozankiewicz, B. Non-Planar Distortion of
Terrylene Molecules in a Naphthalene Crystal. Chem. Phys. Lett. 2017,
684, 208−211.
(40) Greiner, J.; Sundholm, D. Calculation of Vibrationally Resolved
Absorption and Fluorescence Spectra of the Rylenes. Phys. Chem.
Chem. Phys. 2020, 22 (4), 2379−2385.
(41) Vasilev, K.; Doppagne, B.; Neuman, T.; Rosławska, A.; Bulou,
H.; Boeglin, A.; Scheurer, F.; Schull, G. Internal Stark Effect of Single-
Molecule Fluorescence. Nat. Commun. 2022, 13 (1), 677.
(42) Xiao, Y.; Yu, H.; Wang, H.; Zhu, X.; Chen, L.; Gao, W.; Liu, C.;
Yin, H. Defect Engineering of Hexagonal Boron Nitride Nanosheets
via Hydrogen Plasma Irradiation. Appl. Surf. Sci. 2022, 593,
No. 153386.
(43) Längle, M.; Mayer, B. M.; Madsen, J.; Propst, D.; Bo, A.; Kofler,
C.; Hana, V.; Mangler, C.; Susi, T.; Kotakoski, J. Defect-Engineering
Hexagonal Boron Nitride Using Low-Energy Ar+ Irradiation. arXiv
2024, DOI: 10.48550/arXiv.2404.07166.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c02899
J. Phys. Chem. Lett. 2025, 16, 349−356

356

https://doi.org/10.1002/jcc.540100208
https://doi.org/10.1002/jcc.540100208
https://doi.org/10.1002/jcc.540100209
https://doi.org/10.1002/jcc.540100209
https://doi.org/10.1002/jcc.540120306
https://doi.org/10.1002/jcc.540120306
https://doi.org/10.1002/jcc.540120306
https://doi.org/10.1021/ct400687b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400687b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6EN00378H
https://doi.org/10.1039/C6EN00378H
https://doi.org/10.1039/C6EN00378H
https://doi.org/10.1039/C6EN00378H
https://doi.org/10.1103/PhysRevB.96.144106
https://doi.org/10.1103/PhysRevB.96.144106
https://doi.org/10.1103/PhysRevMaterials.7.094003
https://doi.org/10.1103/PhysRevMaterials.7.094003
https://doi.org/10.1103/PhysRevMaterials.7.094003
https://doi.org/10.1039/D2CP01502A
https://doi.org/10.1039/D2CP01502A
https://doi.org/10.1039/D2CP01502A
https://doi.org/10.1038/s41467-019-10610-5
https://doi.org/10.1038/s41467-019-10610-5
https://doi.org/10.1063/5.0074706
https://doi.org/10.1063/5.0074706
https://doi.org/10.1515/psr-2017-0184
https://doi.org/10.1515/psr-2017-0184
https://doi.org/10.1016/j.cplett.2017.06.043
https://doi.org/10.1016/j.cplett.2017.06.043
https://doi.org/10.1039/C9CP06089H
https://doi.org/10.1039/C9CP06089H
https://doi.org/10.1038/s41467-022-28241-8
https://doi.org/10.1038/s41467-022-28241-8
https://doi.org/10.1016/j.apsusc.2022.153386
https://doi.org/10.1016/j.apsusc.2022.153386
https://doi.org/10.48550/arXiv.2404.07166
https://doi.org/10.48550/arXiv.2404.07166
https://doi.org/10.48550/arXiv.2404.07166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

