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Vibronic Decoupling Induced Long-lived RTP

ABSTRACT: Organic room-temperature phosphorescence (RTP) is generally only
exhibited in aggregate with strong dep‘ende.nce on plorphology, which‘ is highly sensitive to ©-6 o-0 ©-0 - ’_g
the intermolecular hydrogen bonding interaction. Here, 4,4'-bis(9H-carbazol-9-yl)- HCCh
methanone (Cz2BP), emitting RTP in a cocrystal consisting of chloroform but not in  Amorphous  Crystal Cocrystal
the amorphous nor in the crystal phase, was investigated to disclose the morphology
dependence through molecular dynamics simulations and first-principles calculations. We = =" "~

find that the strong intermolecular C=0O---H—C hydrogen bonds between Cz2BP and R 1o
chloroform in cocrystals decrease the nonradiative decay rate of T; — S, by 3—6 orders of
magnitude due to the vibronic decoupling effect on the C=0O stretching motion and the <k d
increase of (m7*) composition in the T, state. The former is responsible for high e
efficiency and the latter for long-lived RTP with a calculated lifetime of 208 ms (exp. 353
ms). Nevertheless, the weak hydrogen bonds cannot cause any appreciable RTP in g
amorphous and crystal phases. This novel understanding opens a way to design organic
RTP materials.

decoupling

o ———
vibration Ty

O rganic materials with persistent room-temperature RTP.”” We proposed that an intermolecular electrostatic
phosphorescence (RTP) have aroused strong interests interaction can largely change the composition of the low-lying
owing to the potential applications in bioimaging, data excited singlet and triplet states, leading to a controllable RTP
encryption, light emission, information display, and optical in organic molecules that contains n-electron and #-electron
recording devices.'~® RTP from pure organic molecules always units.”’ These diverse views on organic RTP indicate that it
depends on aggregation morphology.””"> Even polymorphs still remains a formidable challenge to reveal the intrinsic
with different molecular packing arrangements can demon- mechanism of morphology-dependent RTP.
strate different RTP behaviors.'”'® To date, many efforts have Very recently, the importance of intermolecular hydrogen
been devoted to elucidate the origin of aggregation bonding interaction on RTP behaviors has come to the
morphology-dependent RTP behaviors. Several groups be- attention of researchers. Yuan and co-workers found that the
lieved that the rigid environments in aggregates are favorable RTP efficiency and lifetime can be promoted from aromatic
for bright organic solid-state RTP, e.g, crystals, host—guest esters to acids; this may be ascribed to the strong
systems, and self-assembled aggregates, owing to the restriction intermolecular hydrogen bonding in crystals of aromatic
of molecular motions.'®™>° Huang and co-workers suggested acids.'”?! Interestinglyz, the RTP can also be observed in
that H-aggregated molecules can stabilize the triplet excitons, proteins,”® cocrystals,”*> and self-assembled aggregates,'”
boosting the long-lived RTP for crystallization,26 and a similar owing to the strong intermolecular hydrogen bond in the
point of view was proposed by Lucenti et al. based on the solid phases. Moreover, aggregation morphology is highly
investigation of the cyclic triimidazole derivatives.?” Never- sensitive to the intermolecular hydrogen bonding interactions;
theless, Li et al. claimed that 7—7z stacking rather than H- it can vary from amorphous to crystal and even to cocrystal by
aggregation is mainly responsible for the RTP in 10-phenyl- involving solvent molecules.”* Therefore, it is urgent to
10H-phenothiazine-5,5-dioxide-based derivatives.”® Chi and
co-workers speculated that the intermolecular electronic Received: September 2, 2019
coupling between the carbonyl and carbazole units enhances Accepted: October 25, 2019
the intersystem crossing (ISC) rate, leading to a long-lived Published: October 25, 2019
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Figure 1. (a) Chemical structure of Cz2BP. (b) XRPD pattern of Cz2BP after refinement together with the experimental values and a difference
plot. (c) Average RDFs as a function of the intermolecular C=0--H—C distance for amorphous, crystal, and cocrystal phases. (d) Perspective
view of molecular packing in amorphous, crystal, and cocrystal phases for Cz2BP. The unit is angstroms (A).

quantitatively expound the impact of the intermolecular
hydrogen bonding interaction on morphology-dependent
organic RTP.

The 4,4'-bis(9H-carbazol-9-yl)methanone (Cz2BP; see
Figure 1) possesses persistent RTP (7, = 353 ms) in cocrystals
(Cz2BP:TCM = 1:1) with chloroform (TCM) but disappears
in amorphous and crystal phases.’” In the Cz2BP:TCM
cocrystal, there are strong intermolecular hydrogen bonds
between the Cz2BP and TCM. Therefore, the Cz2BP in the
amorphous, crystal, and cocrystal phases is a good prototype to
quantitatively expound the dependence of RTP on the
hydrogen bonding interaction. We thus take Cz2BP as an
example to quantitatively calculate all of the involved excited-
state decay rates involved in the RTP process by combining
molecular dynamics (MD) simulations, crystal structure
prediction, and time-dependent density functional theory
(TDDFT) coupled with the thermal vibration correlation
function (TVCF) formalism and explore the origin of the
morphology-dependent RTP, especially the relationship
between RTP and the intermolecular hydrogen bond strength.

Aggregation Morphology of Cz2BP. We first produced the
amorphous Cz2BP aggregate structure by using MD
simulations and then predicted the crystalline Cz2BP structure
by combining Polymorph Predictor in close comparison with
experimental X-ray powder diffraction (XRPD);*** see
Figures 1 and S1—S3. The MD simulations were performed
with the general amber force field (GAFF) for 20 ns with a
time step of 2 fs and a configuration storage period of 2 ps for
statistical analysis for a cubic box of 15 nm X 15 nm X 15 nm.
From Figure S4, it is seen that the volumes of Cz2BP
aggregates of five trajectories quickly decrease within 1 ns and

6949

then reach an equilibrium within 10 ns, and the structures are
extracted within the final 2 ns for the analysis of the packing
density and the radial distribution functions (RDFs). For
crystalline Cz2BP, we prepared thousands of trial crystal
structures, plotted the density of these trial structures in the P-
1 space group, and selected six crystal structures with lower
energy and higher packing density for comparison between
simulated XPRD and experimental counterparts in Figures
S1—S3. Eventually, one crystal structure won out for its best
match between theoretical and experimental data. Then, this
crystal structure was further optimized by periodic DFT using
the PBE-D3(bj) functional and refined through the Rietveld
refinement algorithm, and its XRPD well reproduced the
experimental one, as displayed in Figure 1b. Subsequently, the
simulated amorphous and crystal structures with cell
parameters a = 3.975 A, b = 17.725 A, ¢ = 18828 A, a =
88.34°, f = 101.92° and y = 82.83° are displayed in Figure S4.
In addition, the cocrystal conformation was also optimized
using the PBE-D3(bj) functional starting from the exper-
imental one.

We then looked at the morphology (Figures 1, S4, and S5):
packing density, averaged RDFs (vs the intermolecular C=
O--H-C distance), packing modes, and intermolecular
interaction. From amorphous to crystal to cocrystal, the
packing density increased from 1.158 to 1.324 to 1.505 g/cm’,
indicating that the molecular packing in the cocrystal is the
densest.

We note from our previous work that excited-state
composition is sensitive to the intermolecular C=0--H-C
distance.”® We then compute the average of RDFs for Cz2BP
in three aggregates, as depicted in Figure Ic. It is noted that the
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amorphous conformations are extracted within the final 2 ns. It
is found that the RDFs of amorphous Cz2BP with one major
peak at around 2.71S5 A are larger than those of the crystal
(2.385 and 2.465 A) and cocrystal (2.069 and 2.262 A). Five
representative snapshots (AO—A4) are randomly extracted
from the amorphous trajectories, in which the smallest
intermolecular H-bond distances are all around the RDF
peak at 2.715 A (see Figures 1d and S5), indicating that the
chosen amorphous conformations are representative. Focusing
on these specific aggregates from amorphous, crystal, and
cocrystal phases (Figures 1d and SS), it is seen that in the
amorphous phase the molecular packings are disordered and
the shortest C=0---H—C distance (2.977 A for A0, 2.908 A
for Al, 3.043 A for A2, 2.749 A for A3, and 2.488 A for A4; see
Figures 1d and SS) is the largest, indicating a weak
intermolecular interaction. For the crystalline phase, the
molecular packing becomes tight, and many forms of
intermolecular interaction appear (Figure 1d), such as C=
O-+H—C (2.465 and 2.385 A), C—H:--z (2.696 and 2.639 A),
and 7z (3.511 and 3.774 A) interactions. Introduction of
TCM into the crystalline phases makes the molecular
arrangement more compact with a number of strong
intermolecular pairs such as C—H-z (2.541, 2.746, 2.789,
2.799, 2.898, and 3.105 A), 7z (3.084 and 3.143 A), and
C=0--H-C (2.069 and 2.262 A). From the theoretical
calculation, such strengthened hydrogen bonding can lead to
the red shift of the C=O stretching vibration, from 1740.93
cm™ in amorphous, 1736.21 cm™' in crystal, and 1711.36
cm™ in cocrystal (Figure S6).

Nature of the Low-Lying Excited States in Aggregates. We then
turned to look at the low-lying excited-state structure of
Cz2BP, including excitation energies, natural transition orbital
(NTO) contours, and the spin—orbit coupling SOC constants
(&) for the three aggregation states. The quantum mechanics/
molecular mechanics (QM/MM) model is built as shown in
Figure 2. Namely, we employ TDDFT/B3LYP/6-31G(d) to
calculate the Cz2BP molecule embedded inside of a cluster of
molecules modeled by the GAFF in molecular mechanics.

Tom § K

Crystal

Amorphous

Cocrystal

Figure 2. Setup of QM/MM models for Cz2BP in amorphous,
crystal, and cocrystal phases.

The calculated electronic structures are shown in Figures 3
and S7—S9 and Table S1. We found that there are only two
triplet states (T, and T,) below the S, state for all three cases.
It is interesting that the electronic configurations of both §;
and T, states are insensitive to environments, which are
dominated by the (z, #*) transitions from the z-orbital
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Figure 3. Calculated (a) energy diagram and SOC values of the low-
lying excited states and (b) NTOs of T, states for Cz2BP in
amorphous, crystal and cocrystal forms. It is noted that the adiabatic
excitation energy was employed.

localized on cabazole groups to the 7*-orbital concentrated on
the diphenylketone moiety, as seen in Figures S8 and S9 and
Table S1. However, for the T, state, responsible for
phosphorescence, the relative compositions of (n, z*) and
(7, #*) strongly depend on the aggregation, namely, the (7,
7*) component in the T, state is 59.8% in amorphous, 88.6%
in crystal, and 94.6% in cocrystal, respectively. Such a trend is
in line with the results that the SOC coefficients £ of S; — T,
(n =1, 2) are all small (less than 0.33 cm™!) in the three
phases, while & for T; — S, decreases from 17.22 cm™! in
amorphous, 9.57 cm™" in crystal, to 5.52 cm™" in cocrystal. In
addition, the calculated vertical excitation energies of S;
(2.62—2.81 eV) for amorphous structures (A0—A4) are
consistent with the experimental value (2.71 eV); see Table S2.

Excited-State Conversion and Decay Rates. To give a
quantitative understanding of the aggregation-induced RTP,
the excited-state conversion rates of S; — T, and decay rates
of T,/S; = S, were evaluated by using the TVCF formalism in
our home-built MOMAP program,”’ and the results are
depicted in Table 1. In TVCEF, the radiative rate is evaluated by
the Einstein spontaneous emission relationship, and the
nonradiative rate is based on the Fermi Golden Rule with
both the nonadiabatic coupling term and SOC term as the
first-order perturbation in a time-dependent formalism. For the
three aggregation phases, the intersystem crossing rate
constants (ky.) of S; —» T, and S; — T, all fall into the
range of ~10°—10” s™!, being comparable to the corresponding
radiative decay rate constants (k) of S; — S, at ~107 s~
which indicates that the triplet excitons can efficiently be
populated. Subsequently, it is found that the k, of T, — §,
decreases about 1 order of magnitude from 4.78 >< 10" to 3.15
X 10" to 1.58 s™" due to the decreasing oscillator strength f for
T, (see Table S2). More importantly, the k,, of T, — S is
largely reduced by 3—6 orders of magnitude from 1.87 X 10°
to 5.51 X 10° to 6.03 s™". It is noted that, compared to the
amorphous A0, similar results for k; and k,, of T; — S are also
obtained for Cz2BP amorphous Al—A4; see Table 1.
Consequently, an efficient quantum yield ¢, (20.76%) of T,
— S, was given in the cocrystal, in comparison to the
extremely low ¢, in the amorphous (<0.04%) and crystal
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Table 1. Calculated Fluorescence Radiative Decay Rate k;, ISC Rates k. of S, — T, (n = 1, 2), Radiative Rate k,, Nonradiative
Decay Rate k,,, and Quantum Efficiency ¢, = k,/(k, + k,,) of T, — S, as Well as the RTP Lifetime 7, = 1/(k, + k,,) for Cz2BP
in Amorphous (A0—A4), Crystal, and Cocrystal Forms (T = 300 K) along with the Experimental Lifetime for Comparison.

S =S S, =T, N T, = S
T =300 K ke (s7) kie (s71) kie (s7) ky (s71) ke (s71) ¢, (%) 7, (ms)
cal. exp. cal. exp.
A0 3.57 x 107 2.70 X 107 1.36 x 10° 4.47 x 10 1.87 X 10° 0.002 RTP X 0.02
Al 1.56 X 107 3.06 x 10! 6.67 x 10* 0.046 RTP X 0.46
A2 2.76 x 107 471 x 10 2.77 X 10° 0.017 RTP X 0.17
A3 5.12 x 107 4.97 x 10 1.16 x 10° 0.004 RTP x 0.04
A4 2.36 x 107 4.78 x 10* 1.30 X 10° 0.004 RTP X 0.04
crystal 4.43 x 107 4.14 x 10° 221 x 107 3.15 x 10 5.51 x 10° 0.57 RTP x 5.68
cocrystal 7.03 x 107 3.96 x 10’ 3.24 x 10° 1.58 6.03 20.76 RTP +/ 208 353
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Figure 4. (a) Calculated normal-mode reorganization energy 4; of T; — S, for amorphous, crystal, and cocrystal forms of Cz2BP. (b) Illustration of
the vibronic decoupling effect of electron and C=0 stretching vibration from amorphous to crystal to cocrystal. It is noted that w is the vibration
frequency and AQ is the normal-mode displacement between two states (the values of the C=0O stretching vibration are listed).

phases (0.57%). On the basis of these results, it was concluded
that the bright long-lived RTP of Cz2BP in the cocrystal can
be attributed to the big reducation in both k, and k,, for T, —
So- This mechanism is very different from previous ones of
efficient ISC to harvest the triplet exciton.'”**~*' In addition,
the calculated RTP lifetime 7,= 208 ms agrees well with
experimental observation of a value of 353 ms, which proved
the reliability of the current theoretical models.

The ISC rate is determined by the SOC matrix £ and the
density weighted Franck—Condon factor characterized by
vibronic coupling or the reorganization energy A.** Because the
SOC values of £(S,,T,) are small in all of the aggregates, small
vibronic coupling must be responsible for the large ISC rate
constants of S; — T, and S; — T,. By analyzing 4 in Figure
S10, it is observed that (i) the normal modes in the low-
frequency region (<400 cm™") contribute greatly, such as the
out-of-plane vibration of benzene and carbazole units with the
largest A of ca. 200 cm™" (inset in Figure S10); (ii) both the
low-frequency and high-frequency modes contribute largely to
the vibronic couplings for the S; — T, process (see Figure
$10); and (iii) the vibronic couplings for S; — T, and S; — T,
are all similar for the three aggregate phases, which lead to
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similar ISC rate constants. The major morphology dependence
lies in the SOC constant for the T, — S, process &(T,S,),
namely, from 17.22 cm™" for amorphous, 9.57 cm™! for crystal,
to 5.52 cm™' for cocrystal (see Figure 4), contributing a 1
order of magnitude decreasing nonradiative decay rate k,,
according to k,, & &% The remaining 3—S5 orders of magnitude
decrease in k,, stem from the contributions from the vibronic
couplings. The calculated A given in Figures 4 and S11 indicate
that the reorganization energies in low-frequency modes are all
negligibly small and the primary contributions to the total A
mainly come from the high-frequency modes (~1600—1700
cm™'), including the stretching vibration of the C=0 bond
and the breathing vibration of benzene and carbazole units.
More strikingly, from amorphous, crystal, to cocrystal, the
reorganization energy of the C=O stretching vibration is
drastically reduced from 1888.46 to 717.24 to 186.67 cm™,
with a shortened normal-mode displacement AQ from —18.08
to —10.22 to —5.29 au, mainly owing to the reduction of the
C=0 bond length from 0.092 to 0.064 to 0.043 A between
the Sy and T states (Table S3). Such a remarkable reduction is
attributed to the decreased n-electron density distribution at
the oxygen atom seen from the hole NTO orbital. Solvent
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molecules TCM can move charge from carbonyl to benzene
and carbazole units, as shown in Figure 3b, leading to a
decoupling of the electron from the C=0 stretching vibration
with the decrease of the C=0 bond length (see Figure 4b). It
is due to such solvent-induced vibronic decoupling leading to
the eventual persistent RTP!

To independently verify the above proposed mechanism, we
further calculate the optical spectra. The calculated phosphor-
escence spectrum of Cz2BP in the cocrystal phase is in
comparison with the experiment, displayed in Figure Sa. It is
worthwhile to note that (i) the experimental spectra are fully
reproduced by the theoretical results; (ii) the peak maximum
at around 550 nm corresponds to the 0—O0 transition,
indicating a weak vibronic coupling; and (iii) the shoulder at
~600 nm is mainly attributed to the 0—1 transition for the
C=C and C=O stretching with 1662 and 1711 cm™}
respectively. Besides, we make theoretical predictions on the
resonant Raman spectra for the three aggregate phases, as
shown in Figure Sb—d, waiting for experimental verification. It
is noted that the relative Raman intensity for the C=O
stretching with respect to the C=C stretching mode is largely
suppressed from amorphous to crystal to cocrystal phases.
Such C=O0 stretching suppression is concomitant with an
increase of the *(7,7*) proportion in T, states.

In summary, we present a computational study on the
morphology-dependent organic RTP for the Cz2BP system
from the perspective of hydrogen bonding, excited-state
composition, and vibronic couplings. MD simulations coupled
with crystal prediction are performed to reproduce the
amorphous conformations and the crystal structure. Sub-
sequently, the QM/MM calculations are implemented to study
the nature of low-lying excited states for Cz2BP in amorphous,
crystal, and cocrystal phases with TCM. Eventually, the
excited-state conversion and decay rates and vibrationally
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resolved phosphorescence spectra are evaluated by the TVCF
rate formalism in our home-built MOMAP program.

Going from amorphous to crystal to cocrystal, the
intermolecular hydrogen bonding C=O0--H—C distance is
gradually decreased and makes a significant change in
electron—electron and electron—vibration interactions of the
low-lying excited states and determines the occurrence of the
RTP. Impressively, (i) the T, state undergoes noticeable
change from the mixed (#/n — 7*) in amorphous and crystal
phases to mainly (# — #*) transition with the latter
composition increasing from 59.8 to 88.6 to 94.6%; (ii) the
SOC coefhicients for S; = T, and S; — T fall into the region
of 0.1—0.33 cm™" for the three cases, but for T, — S, they
decrease sharply from 17.22 to 9.57 to 5.52 cm™" due to the
increase of the (7 — #*) transition component in Ty; (iii) the
vibronic couplings are almost unchanged for S; — T, and §,
— T, while for T; — S, they decrease drastically due to the
hydrogen bond-induced charge density decrease for the C=0
bond; and (iv) the ISC rate constants of S, - T, and S; — T,
are on the order of ~10°—107 s7}, being comparable to the
radiative rate constants of S; — S, with ~107 s~*. However, the
ko, of T; = S, is largely reduced by 3—6 orders of magnitude
from 1.87 X 10° to 5.51 X 10° to 6.03 s™', inducing a bright
and long-lived RTP with a lifetime of 7, = 208 ms (exp. 353
ms) for the cocrystal form. Namely, the vibronic decoupling of
the electron and C=O stretching vibration caused by the
strong intermolecular hydrogen bond between Cz2BP and
TCM are responsible for the long-lived RTP in the cocrystal.
The morphology-dependent RTP is clearly explained by the
intermolecular hydrogen bond effect on both the electronic
configurations and electron—vibration couplings in the T,
states. The presented results provide new insight into the
RTP mechanism and a new design avenue to realize long-lived
RTP by dopping some small common molecules to provide
strong hydrogen bonds to phosphors.
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