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Abstract: Aggregation-induced emission (AIE) luminogens, exemplified by tetraphenylethylene (TPE), exhibit enhanced
fluorescence in aggregated states and have promising applications in display, photodetectors, fluorescent probes,
bioimaging, and biomedicine. This study investigates the influence of varying degrees of deuteration on the photophysical
properties of TPE across different aggregation states. Through the synthesis of partially and fully deuterated TPE
derivatives (TPE-5d, TPE-10d, and TPE-20d), combined with steady-state fluorescence spectroscopy, time-resolved
fluorescence measurements, transient absorption spectroscopy, and density functional theory (DFT) calculations, we
elucidate the dual role of deuteration in modulating nonradiative decay pathways. In loosely packed nanoaggregates,
increased deuteration enhances photoluminescence quantum yields (PLQY) and extends fluorescence lifetimes by reducing
internal conversion rates. Conversely, in tightly packed crystalline states, deuteration leads to decreased PLQY and
shortened lifetimes, attributable to the Duschinsky rotation effect (DRE), which enhances inter-mode coupling and
internal conversion. Additionally, deuteration significantly prolongs the operational lifetime of blue organic light-emitting
diode (OLED) devices, doubling the device lifespan in TPE-20d compared to TPE. This work underscores the necessity
of evaluating structure–property relationships at the aggregate level, rather than solely at the molecular level, to fully
comprehend and optimize AIE phenomena. These findings highlight the potential of isotope engineering in designing
durable and efficient AIE luminogens for applications in optoelectronics and bioimaging.

Introduction

Aggregation-induced emission (AIE) luminogens have gar-
nered significant attention both in organic and inorganic
materials[1,2] due to their unique photophysical properties,[3,4]

wherein molecules exhibit enhanced fluorescence upon
aggregation and have promising applications in display,[5]

photodetectors,[6] fluorescent probes,[7] bioimaging,[8] and
biomedicine.[9] Tetraphenylethylene (TPE) is a prototypical
AIEgen, renowned for its facile synthesis and widespread
application as a molecular building block in various opto-

electronic devices and bioimaging probes.[10–12] TPE belongs
to aggregation-activated fluorescence,[13] meaning that while
TPE molecules possess intrinsic luminescence capabilities,
their emission at room temperature is too weak to be
detectable due to molecular motion. The restriction of
intramolecular motions (RIM)[14] upon aggregation signifi-
cantly enhances the fluorescence intensity of TPE.[15]

The excited-state dynamics of TPE are inherently com-
plex, involving a network of intramolecular conformational
changes and potential side reactions.[15,16] Upon photoexcita-
tion, TPE undergoes significant molecular reconfigurations:
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each of the four peripheral phenyl rings can twist nearly
freely about the central C═C bond. These large-amplitude
torsions open up conical intersections (CIs) with the ground
state, leading to ultrafast internal conversion (IC) on the
sub-picosecond timescale and quenching fluorescence.[17] In
addition to ring rotation, the central double bond itself can
rotate or bend, further supplying a low-energy pathway to
nonradiative decay via another CI seam. These motions lead
to the formation of highly nonradiative decay pathways, which
are effectively suppressed in the aggregated state due to steric
hindrance and restricted molecular freedom. Additionally,
secondary processes such as photocyclization can occur,
contributing to photobleaching and further complicating the
excited-state landscape. The interplay between these dynamic
molecular motions and the surrounding environment dictates
the efficiency of fluorescence emission, making TPE an
ideal candidate for studying the fundamental mechanisms
underpinning AIE.[18] Extensive studies utilizing various
spectroscopic techniques, including time-resolved fluores-
cence spectroscopy and transient absorption spectroscopy,
have been employed to unravel these complex excited-
state behaviors.[16] However, the precise role of different
intramolecular motions and their suppression in various
aggregated states remains an area of active investigation.

Isotopic substitution, particularly deuteration, has
emerged as a powerful tool for probing excited-state decay
processes.[19–22] In conventional fluorophores, deuteration
typically results in a decrease in nonradiative decay rates
without significantly altering radiative rates, thereby
enhancing photoluminescence quantum yields (PLQY).[19,23]

This effect is explained by the reduced vibrational frequencies
of C─D bonds compared to C─H bonds, leading to higher
Huang–Rhys factors and decreased internal conversion
rates (KIC) within the displaced harmonic oscillator
model.[24,25] However, if the nonradiative transition of
the fluorophores is mainly intersystem crossing (ISC), such
as in polycyclic aromatic hydrocarbons or anthracene, the
effect of deuteration on KIC is limited, but it changes the
zero-point energy difference and the vibrational energy
level spacing so that the vibration-electron coupling of the
S1/T1 state in some medium- and low-frequency modes is
enhanced, which promotes KISC and causes a decrease in
PLQY.[19,26] Furthermore, in flexible AIEgens like TPE,
the situation is more nuanced due to the significant mixing
between low-frequency vibrational modes and the associated
Duschinsky rotation effect (DRE), which can potentially
increase KIC.[27] Deuteration in such systems introduces
two competing effects: it increases the Huang–Rhys factor,
thereby reducing KIC, while simultaneously strengthening
the DRE, enhancing inter-mode coupling, and increasing
KIC. Understanding the competition between these opposing
influences is crucial for elucidating the impact of deuteration
on the photophysical properties of organic molecules and for
the rational design of highly efficient AIE luminogens.

This study aims to investigate the dual effects of deuter-
ation on the photophysical properties of TPE in different
aggregation states. By synthesizing partially and fully deuter-
ated TPE derivatives (TPE-5d, TPE-10d, and TPE-20d) and
employing a combination of experimental techniques and the-

oretical calculations, we explore how deuteration influences
intramolecular motions and nonradiative decay pathways in
both solution and aggregated/crystalline states. Additionally,
we assess the practical implications of deuteration in enhanc-
ing the operational lifetime of organic light-emitting diodes
(OLEDs), thereby bridging fundamental mechanistic insights
with device performance. This comprehensive approach not
only advances our understanding of the impact of deuteration
on the photophysical properties of molecules but also demon-
strates the potential of isotope engineering in developing
durable and efficient luminescent materials for advanced
optoelectronic applications.

Results and Discussion

The synthesis of deuterated TPE derivatives (TPE-5d, TPE-
10d, and TPE-20d) was successfully achieved via selective
deuteration of the phenyl rings (Figure S1). The structures
of the synthesized compounds were confirmed by 1H nuclear
magnetic resonance (NMR), 13C NMR, and high-resolution
mass spectrometry (Figures S2–S12). Single-crystal X-ray
diffraction studies (Figures 1a and S13)[28–31] revealed that
deuteration induced only minor changes in the central C═C
bond length, from 1.361 Å in TPE to 1.346 Å in TPE-5d
and TPE-10d and 1.351 Å in TPE-20d. Additionally, dihe-
dral angles between adjacent phenyl rings remained similar
postdeuteration, indicating negligible alterations in molecular
conformation (Tables S1–S4). X-ray diffraction (XRD) pat-
terns of deuterated derivatives confirmed that the crystalline
packing remained similar to nondeuterated TPE, with only
slight shifts in diffraction peaks indicating marginally tighter
packing in TPE-20d (Figure S14). There were no significant
changes in the absorption spectra (Figure S15).

Raman and Fourier-transform infrared (FTIR) spec-
troscopy were employed to investigate the vibrational modes
of deuterated TPE derivatives (Figure 1b,c). Deuteration
resulted in the weakening of the C─H stretching vibrations
around 3100 cm−1 and the enhancement of C─D stretching
modes near 2300 cm−1. The Huang–Rhys factor, S, is approx-
imated by S ≈ �Q2/(2hw), where �Q represents the nuclear
displacement during excitation and hw is the vibrational
energy quantum. Since deuterium is heavier than hydrogen,
replacing C─H with C─D lowers hw; if �Q remains nearly
constant, S increases, decreasing KIC.

Based on the observed effects of deuteration on the
vibrational modes of TPE molecules, we further investigated
the photophysical properties of TPE and its deuterated
derivatives in various states. In dilute solution (1 × 10−5 M
in tetrahydrofuran (THF)), no detectable photoluminescence
(PL) spectrum was observed at room temperature, con-
sistent with nonemissive behavior resulting from dynamic
quenching due to intramolecular motions.[14,32] Upon the
formation of nano-sized aggregates in THF-water mixtures
(concentration: 1 × 10−5 M, THF:H2O = 1:9, labeled as the
nano-aggregated state), deuteration led to notable changes in
the PL characteristics. As the degree of deuteration increased
from TPE to TPE-20d, the PL emission peak remained
around 470 nm (Figure S16), while fluorescence lifetimes (τ )
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Figure 1. Structural and spectroscopic characterization of deuterated TPE derivatives (TPE-5d, TPE-10d, and TPE-20d). a) Single-crystal structure of
TPE and deuterated derivatives, highlighting minor shifts in C═C bond lengths and dihedral angles. b) Raman and c) FTIR spectra demonstrating
vibrational mode changes due to deuteration in crystalline form.

Table 1: Photophysical property of TPE and deuterated TPE derivatives in nano-aggregate and crystalline states.

Samples PL peak (nm) τ (ns) PLQY (%) Kr (×107 s−1) Knr (×107 s−1)

Nano-aggregate state TPE 472 3.62 21.12 5.83 21.79
TPE-5d 471 3.80 21.52 5.66 20.65
TPE-10d 471 4.05 22.86 5.64 19.05
TPE-20d 471 4.22 24.40 5.78 17.91

Crystalline state TPE 447 1.56 24.04 15.41 48.69
TPE-5d 445 1.45 24.10 16.62 52.34
TPE-10d 444 1.38 22.56 16.35 56.12
TPE-20d 442 1.23 20.28 16.49 64.81

extended from 3.62 ns in TPE to 4.22 ns in TPE-20d, and
PLQY increased from 21.12% to 24.40% (Table 1). Based
on these measurements, we calculated the radiative transition
constant (Kr = PLQY/τ ) and the nonradiative transition
constant (Knr = (1 − PLQY)/τ ). While Kr exhibited minimal
variation with deuteration, Knr decreased as the degree of
deuteration increased, indicating that the positive effects
of deuteration prevail in the nano-aggregate state. These
observations suggest that deuteration reduces nonradiative
decay rates by suppressing internal conversion pathways,
thereby enhancing fluorescence efficiency in nano-aggregated
state.

Conversely, in crystalline states (Figure S17), the PL peak
exhibits a blue shift relative to nano-aggregated states due

to conformational rigidification; the conical intersection (CI)
and excited-state minimum are not accessible energetically.[33]

Deuterated TPE derivatives demonstrate shortened τ and
diminished PLQY. Specifically, τ decreases from 1.56 ns in
TPE to 1.23 ns in TPE-20d, and PLQY declines from 24.04%
to 20.28%. In other words, as the degree of deuteration
increases, the Knr in crystalline states progressively intensifies.
This negative isotope effect in rigid, tightly packed crystals
suggests an enhancement of KIC, likely attributable to the
DRE facilitated by deuteration, which promotes mode mixing
and nonradiative decay processes.

To further investigate how deuteration and different
aggregation states affect the photophysical properties of TPE,
we performed comprehensive theoretical calculations. First,
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Figure 2. Theoretical calculation of vibration (IR) spectra of a) TPE and b) TPE-20d at single molecular state, nano-aggregate state, and crystalline
state.

we computed the IR spectra of various deuterated derivatives
of TPE in the single-molecule state. As shown in Figure S20,
the characteristic C─H stretching vibration at approximately
3200 cm−1 in pristine TPE is replaced by a C─D stretching
vibration around 2300 cm−1 with increasing degrees of
deuteration. This clear shift in vibrational frequency agrees
well with our earlier experimental results and confirms the
expected isotopic substitution effect. In the low-frequency
region (lower than 1500 cm−1), deuteration significantly alters
the vibrational landscape. Notably, the impact is not only
dependent on the overall degree of deuteration but also
on the specific locations and symmetry of the deuterated
sites. As illustrated in Figure S21, several vibrational bands
greatly changed after deuteration—primarily corresponding
to modified C─H/D stretching modes and benzene ring
contraction vibrations. This proliferation of modes likely
reflects changes in the vibrational coupling and symmetry of
the molecule upon deuteration.

The influence of aggregation on the IR spectra is also quite
striking (the method for constructing the nano-aggregate state
is shown in Figure S22). Figures 2 and S23 compare the spectra
of TPE and its fully deuterated derivative, TPE-20d, in nano-
aggregate and crystalline states. For TPE, transitioning from
a single-molecule state to a nano-aggregate state leads to a
noticeable increase in the number of low-frequency vibra-
tional modes. In the crystalline state, these additional modes
are further augmented, indicating that aggregation promotes
the activation of new low-frequency vibrational transitions.
Furthermore, TPE-20d exhibits a similar trend; however,
the number of low-frequency modes increases even more

markedly than in TPE. This suggests that deuteration inten-
sifies the aggregation-induced emergence of low-frequency
vibrational modes, thereby potentially enhancing the mixing
between low-frequency vibrational modes and the associated
DRE.

We systematically examined the effects of aggregation
state and deuteration on the vibrational-electron coupling in
TPE derivatives by probing both Huang–Rhys factors and
reorganization energies. As shown in Figure 3 and Table S6,
for TPE, in the nano-aggregate state, the vibrational modes
extend from approximately 22 cm−1 to about 122 cm−1,
with the corresponding Huang–Rhys factors increasing from
roughly 9.4 to nearly 364.0. In contrast, in the crystalline
state, the frequency distribution primarily spans the range of
43–67 cm−1, and the Huang–Rhys factors drop to a lower
range between approximately 7.6 and 67.7. This suggests that
the ordered crystalline environment restricts the vibrational
mobility, thereby weakening the electron-phonon coupling.

For the TPE-20d, the vibrational mode frequencies in
the nano-aggregate state are similar to those of TPE,
ranging from about 22 cm−1 to around 112 cm−1. How-
ever, the corresponding Huang–Rhys factors are generally
higher, between approximately 12.8 and 399.6, indicating that
deuteration enhances the vibrational-electron coupling. The
crystalline state for TPE-20d exhibits frequency distribution
from 42 to 58 cm−1 and displays a noticeable fluctuation in
Huang–Rhys factors (7.8−76.3). These observations indicate
that both the molecular aggregation state and deuter-
ation critically modulate the vibrational characteristics—
deuteration not only shifts individual vibrational frequencies
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Figure 3. Calculated Huang–Rhys factor versus the normal-mode frequencies of a) TPE and b) TPE-20d at nano-aggregate state and crystalline state.

(for example, the transition from C─H to C─D stretching)
but also fundamentally alters the vibronic coupling behav-
ior, thereby potentially affecting the overall photophysical
properties.

Complementary insights are provided by the analysis
of reorganization energies, which were decomposed into
contributions from bond lengths, bond angles, and dihedral
angles. As shown in Figure 4, for the TPE sample, compared
to the nano-aggregate state, the contribution from low-
frequency vibrational modes becomes more pronounced in
the crystalline state, resulting in a significant change in
the overall distribution of reorganization energy. In the
nano-aggregate state, the reorganization energy is mainly
constituted by changes in dihedral angles (68.39%), indicating
that in a relatively loose aggregated system, high-frequency
vibrations (such as bond stretching and benzene ring defor-
mations) dominate. However, when the molecules transition
into the crystalline state, the molecular packing becomes
more regular and compact, which restricts high-frequency
vibrations while relatively enhancing the influence of low-
frequency vibrational modes, with the contribution from
dihedral angles being reduced. TPE-20d exhibits a similar
trend, compared to the nano-aggregate state, molecules in
the crystalline state rely more on low-frequency vibrational
modes for energy relaxation, particularly involving torsional
motions related to dihedral angles. This change in aggregation
state not only alters the overall distribution of reorganization
energy but also underscores the crucial role of the molecular
environment in governing energy relaxation processes.

Figure 5 provides deeper insight into the decay pathways
by demonstrating the DRE. The contour maps of the

Duschinsky rotation matrix for the lowest 130 normal modes
reveal notable differences between the nano-aggregate and
crystalline states. In the nano-aggregate state, the Duschinsky
rotation matrix elements remain closer to their ideal values,
while in the crystalline state, there is a more pronounced
deviation—evidenced by an increase in off-diagonal elements.
These deviations, particularly in low-frequency modes, point
to a significant role for low-frequency twisting motions in
nonradiative decay. Especially TPE-20d in the crystalline
state shows even more off-diagonal contributions, suggest-
ing that the ordered, dense molecular packing combined
with deuteration amplifies multiple low-frequency twisting
motions. This enhancement likely contributes considerably to
the nonradiative deactivation of excitons. The theoretical cal-
culation of the nonradiative transition rate is also consistent
with the experimental results (Tables S7 and S8), which once
again proves the rationality of the above calculation.

The theoretical calculations confirm that aggregation
significantly influences the low-frequency vibrational modes
of TPE and its deuterated derivative. In the crystalline
state, which features tighter molecular packing, the cou-
pling between low-frequency vibrational modes and the
excited-state low-frequency modes is markedly intensified.
Additionally, deuteration further amplifies the DRE effect,
thereby activating more nonradiative transitions.

Finally, we investigated the impact of deuteration on the
stability of the materials. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were conducted
on materials with varying degrees of deuteration (Figure S24
and Table S9). The results revealed that deuteration had
negligible effects on the thermal stability of the materials. This
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Figure 4. Calculated reorganization energies versus the normal-mode frequencies of a) TPE and b) TPE-20d at nano-aggregate state and crystalline
state. Inset: Contributions to the total reorganization energies from bond length, bond angle, and dihedral angle.

observation is understandable, as the increase in molecular
weight due to deuteration is minimal relative to the entire
molecular system, and thermal stability is directly related to
molecular weight. Consequently, deuteration does not signif-
icantly influence the thermal decomposition temperatures of
the materials.

The photostability tests under continuous irradiation
reveal that the TPE-20d exhibits a markedly slower decay
in photoluminescence intensity compared with TPE, indicat-
ing that TPE-20d resists photodegradation more effectively
(Figure S25). The femtosecond transient absorption proves
that the photo-cyclized behavior of TPE is limited in the film
state (Figures S26 and S27). However, the electrochemical
stability assessments show that TPE-20d demonstrates a
similar current response with TPE across a broader potential
range. This behavior suggests that the deuterated derivative
undergoes less effect on electrochemical degradation.

Subsequently, we fabricated undoped organic light-
emitting diode (OLED) devices using TPE as the emissive
layer (Figure 6 and Table S10). The device structure is
illustrated as follows: ITO/NPB (40 nm)/TPE (20 nm)/TPBi
(40 nm)/LiQ (2 nm)/Al (NPB: N4,N4-di(naphthalen-
1-yl)-N4,N4-diphenyl-[1,1-biphenyl]-4,4-diamine;
TPBi: 2,2′,2’’-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole); LiQ: 8-quinolinolato lithium). Under
identical device architectures, the current–voltage
(J–V) curves, external quantum yields (EQE), and
electroluminescence (EL) spectra of TPE, TPE-5d, and
TPE-20d exhibited comparable performances. However, the

operational lifetimes of the devices significantly increased
with the degree of deuteration. Specifically, the lifetime of the
TPE-20d-based device was extended 10-fold compared to that
of the nondeuterated TPE-based device. This enhancement
in the operational lifetime of deuterated TPE derivatives
is primarily attributed to their reduced susceptibility to
photodegradation mechanisms.[34] Deuteration strengthens
the C─D bonds relative to C─H bonds (≈0.0607 eV), thereby
decreasing the likelihood of C─D bond cleavage under the
high-energy excitations typical of blue-emitting materials.[35]

This bond stabilization mitigates degradation pathways
such as direct photolysis, triplet state-induced reactions,
and oxygen-mediated oxidative processes.[36] Consequently,
deuteration significantly enhances material stability, leading
to prolonged operational lifetimes of OLED devices.

Conclusion

This study systematically investigates the influence of deuter-
ation on the photophysical properties of TPE across different
aggregation states through both experimental measure-
ments and theoretical calculations. In nano-sized aggregates,
enhanced deuteration suppresses nonradiative decay path-
ways, resulting in increased fluorescence quantum yields
(PLQY) and extended fluorescence lifetimes. Conversely, in
crystalline states, deuteration augments internal conversion
rates via the Duschinsky rotation effect (DRE), leading
to decreased PLQY and shortened lifetimes. Additionally,
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Figure 5. Contour maps of the Duschinsky rotation matrix of a) TPE and b) TPE-20d at nano-aggregate state and crystalline state.

Figure 6. a) The J–V characteristics (inset: OLED device structure). b)
The electroluminescence (EL) spectrum at 5 V. c) External quantum
efficiency (EQE) and d) lifetime of the OLED-based TPE, TPE-5d, and
TPE-20d as emitters.

deuteration significantly prolongs the operational lifetime of
OLED devices, doubling the device lifespan in deuterated
TPE-20d compared to nondeuterated TPE. These findings
elucidate the dual role of deuteration in modulating AIE
mechanisms and underscore the critical importance of the

molecular environment in determining photophysical behav-
ior. The demonstrated extension of OLED device lifetimes
further highlights the practical significance of isotope engi-
neering in the design of efficient and durable AIE luminogens
for advanced optoelectronic applications.
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Isotope Engineering of
Tetraphenylethylene: Aggregate-
Dependent Enhancement of
Luminescence Efficiency

In loosely packed nanoaggregates,
increased deuteration enhances
photoluminescence quantum yields
(PLQY) and extends the fluorescence
lifetimes of tetraphenylethylene (TPE)
by reducing internal conversion
rates. Conversely, in tightly packed
crystalline states, deuteration leads to
decreased PLQY and shortened lifetimes,
attributable to the Duschinsky rotation
effect (DRE), which enhances intermode
coupling and internal conversion.
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