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Pure organic materials exhibiting room temperature phosphorescence (RTP) have significant fundamental

importance and promising optoelectronic and biological applications. Exploration of metal- and heavy

atom-free pure organic phosphors, however, remains challenging because achieving emissive triplet

relaxation that outcompetes the vibrational loss is difficult without metal or heavy atoms. In this

contribution, in contrast to aggregation-caused quenching (ACQ) normally observed in conventional

chromophores, a unique phenomenon of crystallization-induced dual emission (CIDE), namely,

simultaneously boosted fluorescence and phosphorescence upon crystallization, is observed in a group

of pure organic aromatic acids and esters at ambient conditions. Moreover, two triplet-involved

relaxations of delayed fluorescence (DF) and phosphorescence are activated. Such efficient intrinsic

emission from both singlet and triplet states in a single compound without employing metal or heavy

atoms is suitable for a variety of fundamental research and applications.

Introduction

Room temperature phosphorescence (RTP) has aroused exten-

sive interest because of its unique photophysical processes and

promising applications in organic light-emitting diodes

(OLEDs),1 chemical and biological sensing,2 bioimaging,3

photovoltaic devices,4 etc. So far, however, phosphorescence is

essentially conned to inorganic compounds or organometallic

complexes, such as platinum (Pt), iridium (Ir) and gold (Au)

complexes,1a,2d,5–7 as a result of the promotion of intersystem

crossing (ISC) in organic ligands through the triplet metal-to-

ligand charge-transfer state. Although pure organic luminogens

can be more conveniently designed and tailored at much lower

costs when compared to their inorganic and organometallic

counterparts, they are generally believed to be unable to emit

efficient RTP due to the following reasons:8 (1) transitions

between singlet and triplet states involving spin ips are

quantum mechanically forbidden; (2) occasionally, these tran-

sitions become partially allowed due to such perturbations as

spin–orbit coupling or vibrational coupling induced by carbonyl

(C]O) groups, hetero atoms and heavy atoms, active intra-

molecular motions and/or interacting with environmental

quenchers can effectively extinguish the phosphorescence

during the longevity of triplet excitons. Triplet states in organic

luminogens are thus typically dark states. Although previous

examples of solid substrate-RTP (SS-RTP),9 micelle stabilized-

RTP (MS-RTP)10 and cyclodextrin-induced RTP (CD-RTP)11 have

been reported, normally special and complex fabrication tech-

niques are required and only instrument detectable signals are

obtained.

In 2010, we observed a new phenomenon of “crystallization-

induced phosphorescence (CIP)” in pure organic luminogens,

namely, compounds like benzophenone and its derivatives are

nonphosphorescent in solutions and amorphous states, while

being efficiently phosphorescent upon crystallization.12 The

discovery of CIP affords a crystal engineering approach to

obtain efficient RTP. The mechanism of CIP is ascribed to the

restriction of intramolecular motions (RIM) by effective inter-

molecular interactions in the crystals, which help to lock and

rigidify the molecular conformations, thus minimizing the

nonradiative loss of triplet excitons and boosting the phos-

phorescence emission.12 Meanwhile, crystalline lattices also

prevent the luminogens from contacting with such quenching

sites as oxygen and moisture.13

Later, Kim and co-workers found a similar phenomenon

resulting from directed heavy atom effect (DHAE) in the

aromatic aldehyde and bromide cocrystals.14 Subsequently,

other examples of RTP based on pure organic luminogens have

been reported by taking advantage of (co)crystallization,
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halogen bonding, doping in rigid matrix, intermolecular inter-

action and singlet ssion.15–19 Efficient pure organic RTP lumi-

nogens, however, remain rather limited,10–21 particularly for

those without heavy atoms.

With continuous endeavors to construct pure organic

phosphors with efficient RTP,21 in this work, we report on the

efficient crystal emission from both singlet and triplet mani-

folds in a group of metal- and heavy atom-free aromatic acids

and esters (Chart 1). Recently, Reineke and co-workers also

reported the impressive work of efficient bioluminescence

(uorescence and phosphorescence) from N,N0-bis(4-benzoyl-

phenyl)-N,N0-diphenyl-benzidine [(BzP)PB] embedded into a

polymethyl methacrylate (PMMA) lm.19b (BzP)PB is emissive in

both solutions and solids, but suffers from an aggregation-

caused quenching (ACQ) problem (Fig. S2, ESI†); moreover, no

RTP is observed in its crystals (Fig. S3, ESI†). Distinctly different

from (BzP)PB, our acids and esters are practically non-emissive

in solutions and on TLC plates, however, they emit both uo-

rescence and phosphorescence upon crystallization, demon-

strating crystallization-induced dual emission (CIDE)

characteristics, which enable the possibility to quantify singlet–

triplet spin correlations.22 Moreover, besides normal prompt

uorescence and phosphorescence, delayed uorescence (DF) is

also detected. Such CIDE feature not only eliminates the trou-

blesome procedures normally adopted to observe phosphores-

cence at cryogenic temperatures, but also avoids the

concentration quenching that is popular and particularly strong

for long-lived triplets.23

Results and discussion

For pure organic luminogens, to achieve efficient RTP, it is

essential to promote spin–orbit coupling to enable efficient ISC

to the triplet state and to suppress the vibrational dissipations.

Herein, aromatic acids were chosen based on the following

considerations: rstly, carbonyl groups can effectively enhance

spin–orbit coupling and thus ISC process;24 secondly, acids

readily form strong and effective intermolecular interactions

such as hydrogen bonds in the condensed states,25 which can

signicantly impede the nonradiative depopulation of triplet

excitons. As a typical aromatic diacid, terephthalic acid (TPA)

was rst investigated. In oxygen-free ethanol, TPA emits UV

light with the maximum at 319 nm in a low solution efficiency

(Fs)
26 of 0.57 � 0.07%, indicating it is practically

nonluminescent. When dotted on a TLC plate, also no emission

is observed (Fig. S4, ESI†).

The low photoluminescence (PL) efficiency of TPA in solu-

tions and disordered amorphous states should be ascribed to

the active vibrational and rotational dissipations.12,14,21b Unlike

these solutions and disordered solids, crystalline powders of

TPA exhibit intense deep blue emission (388 nm, Fig. 1A and B)

with the crystalline efficiency (Fc)
26 of 8.4 � 0.3%. With the

delay time (td)
27 of 0.5 ms, no signal is recorded for the solution

emission, whereas a peak (392 nm) and a shoulder (511 nm)

assignable to DF and RTP are observed for the crystal emission.

Further transient PL measurement reveals the presence of both

short- and long-lived species with lifetimes (hsi) of 0.53 ns and

0.16 ms (monitored at 380 nm, Fig. 1C), indicating the coexis-

tence of prompt uorescence and DF for the crystal emission.

These results clearly suggest the CIDE characteristics of TPA,

which is seldom observed in pure organic luminogens. Notably,

DF of TPA crystals is slightly red shied compared to that of the

prompt spectrum, which is also observed in other systems.28

Though the exact mechanism remains an open question, it is

suggested that the red-shi of DF is caused by the difference in

nuclear conguration in the singlet and triplet excited states.28b

Isomeric effect and uorine atom will impact on the electron

distribution, thus yielding varied photophysical properties. In

analogy to TPA, isophthalic acid (IPA) and tetra-

uoroterephthalic acid (TFTPA) are almost nonluminescent in

solutions, showing uorescence emissions at 305 and 307/367

nmwith even lowerFs values of 0.33� 0.09% and 0.30� 0.03%.

Their crystals, however, emit strong blue light upon UV illu-

mination (Fig. 2A, B and 3A) with emission maxima/Fc values of

380 nm/15.3 � 0.3% and 367 nm/2.0 � 0.3% for IPA and TFTPA

(Fig. 2D and 3B), respectively. Moreover, a long green aerglow

lasting for several seconds is detected for IPA crystals aer

photoexcitation is stopped (Fig. 2C and Video S1, ESI†), which is

attributable to the RTP emission. Such bright and persistent

RTP from pure organic compounds is rarely found and makes

the IPA crystals highly applicable in security inks, optical

sensing, background-independent bioimaging and other opto-

electronic devices.2a,18,20 With a time-gated technology, inde-

pendent emission peaks at 384/506 (IPA, td ¼ 10 ms, Fig. 2D)

and 367/484 nm (TFTPA, td ¼ 0.1 ms, Fig. 3B) are observed.

While the shorter wavelength emission can be attributed to DF,

Chart 1 Structure of aromatic acids and esters with CIDE character-

istics studied in this work.

Fig. 1 (A) Photograph of crystalline powders of TPA taken under 365

nm UV light. (B) PL spectra of TPA solution (20 mM in ethanol) and

crystalline powders with td of 0 and 0.5 ms. (C) Emission decay curves

of crystalline powders of TPA monitored at 380 nm.
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the longer one should be ascribed to RTP. Further transient PL

measurement demonstrates the hsi values of prompt uores-

cence/RTP for IPA and TFTPA crystals are 1.81 ns/289.86 ms and

0.79 ns/17.93 ms (Fig. 2E, F and 3C), respectively. Meanwhile,

besides the ultralong RTP, a durable lifetime of 9.57 ms is also

detected for the DF emission of IPA crystals (Fig. 2E).

The above results disclose the CIDE nature of both IPA and

TFTPA luminogens. Previously, crystallization-induced emis-

sion (CIE, normally uorescence)29,30 and CIP12,21 phenomena

were found and developed. However, CIDE for pure organic

luminogens, particularly for those without heavy atoms, is

virtually an unexplored research area. To gain further insights

into the mechanism, crystal structures31 of the luminogens are

investigated. As depicted in Fig. 4, numerous C]O/H–O

(1.528, 1.623, 1.703, 2.008, 2.710 Å), C]O/H–C (2.639, 2.688

Å), C]O/O–H (2.581, 2.608, 2.682, 2.857, 2.903 Å), H–O/H–C

(2.544 Å), O]C/H–O (2.429, 2.502, 2.573, 2.574 Å), O–H/H–O

(2.166, 2.200, 2.280, 2.296 Å), C–H/O–H (2.662 Å), H–O/p

(3.154 Å), C–F/H–O (2.647 Å), H–O/H–O (1.746, 2.445 Å) and

H–O/O–H (2.558 Å) short contacts, as well as partial edge-to-

edge p–p interactions (3.396 Å) are present in the acid crystals,

forming two-dimensional (2D, TPA, Fig. 4A) and three-dimen-

sional (3D, IPA and TFTPA, Fig. 4B and S5, ESI†) intermolecular

interaction networks. Such abundant and effective interactions

rmly lock the molecules and thereby rigidify their conforma-

tions. It is also noted that p–p interactions in IPA crystals

demonstrate two competitive effects. On the one hand, theymay

decrease the crystal emission via the formation of excimers,

however, this adverse effect should be limited because of only

small overlaps of the p segments; on the other hand, they

contribute to the conformation rigidication, which is favorable

for the light emission due to decreased nonradiative

dissipations.

Now it becomes clear that in solutions, the excitons of these

luminogens are mainly deactivated through nonradiative

channels because of the active intramolecular motions (rota-

tions and vibrations) and intermolecular collisions, thus

making the luminogenic molecules almost non-emissive. In

crystals, however, such intramolecular motions and intermo-

lecular collisions are signicantly inhibited due to the

Fig. 2 Photographs of IPA crystals under (A) room light, (B) 365 nm UV light and (C) just after stopping UV light. (D) PL spectra of IPA solution (20

mM in ethanol) and crystals with td of 0 and 10 ms. (E) Emission decay curves of IPA crystals monitored at (E) 380 and (F) 506 nm.

Fig. 3 Photograph of TFTPA crystals under 365 nm UV light. (B) PL spectra of TFTPA solution (20 mM in ethanol) and crystals with td of 0 and 0.1

ms. (C) Emission decay curves of TFTPA crystals monitored at 484 and 367 nm (inset).

4440 | Chem. Sci., 2015, 6, 4438–4444 This journal is © The Royal Society of Chemistry 2015
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conformation rigidication resulting from the efficacious

interactions, thus diminishing the radiationless relaxations and

boosting the emissions. Such a mechanism is also supported by

the cryogenic experiments. As exampled by IPA, when its

ethanol solution was frozen by liquid nitrogen (77 K), it gets

emissive upon irradiation, also with an aerglow being

observed aer the stopping of photoexcitation (Video S2, ESI†).

Notably, the light emission in frozen solutions is much weaker

compared to that in crystals. These results indicate that crys-

tallization performs similarly and even better than the cryo-

genic conditions that are normally adopted to observe

phosphorescence, therefore allowing the observation of phos-

phorescence at room temperature and alleviating constraints of

troublesome cryogenic experiments.

The above results illustrate the CIDE characteristics of

proper aromatic acids. Esters are the most common derivatives

of acids. Despite the elimination of typical hydrogen bonds in

crystals, the presence of carbonyl groups and possible new

contacts promoted us to check whether their esters are also

CIDE-active. Herein, dimethyl terephthalate (DMTPA) and

dimethyl tetrauoroterephthalate (DMTFTPA) were chosen as

the representatives. In analogy to acids, both DMTPA and

DMTFTPA do not show any noticeable emissions in ethanol,

whose emission maxima/Fs values are 320 nm/0.09 � 0.01%

and 347 nm/0.40 � 0.05%, respectively. The low efficiencies

disclose the nonluminescent attribute of both esters in solu-

tions. Under 300 nm UV light irradiation, no visible emission is

observed for DMTPA crystals due to their inherent UV light

emitting properties (vide infra), whereas bright blue light is

observed for DMTFTPA crystals (Fig. 5A and B). Further

measurements show the PL peaks/Fc values of 323 nm/1.5 �

0.3% and 347, 492 nm/2.7� 0.3% for the crystals of DMTPA and

DMTFTPA (Fig. 5C and E), respectively, exhibiting remarkable

emission enhancement upon crystallization.

The delayed emission spectra (td ¼ 0.1 ms) of DMTPA and

DMTFTPA crystals show emission peaks at 331/446 and 352/492

nm (Fig. 5C and E), respectively. The former peaks are

approaching to those of prompt crystal emissions and solution

emissions, proving they are delayed uorescence, whereas the

latter peaks should be assigned to RTP, considering their large

Stokes shis and long hsi values of �2.69 (DMTPA) and 9.12 ms

(DMTFTPA) (Fig. 5D and F). The mean lifetimes of the prompt

uorescence of both crystals were also determined, giving hsi

values of �1.17 and 9.12 ns for DMTPA and DMTFTPA,

Fig. 4 Perspective view of molecular packing arrangement in (co)crystals of (A) TPA, (B) IPA and (D–F) TFTPA–H2O. (C) Cocrystal structure of

TFTPA–H2O with multiple intermolecular interactions. Intermolecular interactions are denoted by dotted lines.

Fig. 5 Photographs of DMTFTPA taken under (A) room light and (B)

300 nm UV light. PL spectra of (C) DMTPA and (E) DMTFTPA solutions

(20 mM in ethanol) and crystals with td of 0 and 0.1 ms. Emission decay

curves of (D) DMTPA and (F) DMTFTPAmonitored at 350/420 and 354/

484 nm, respectively.

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 4438–4444 | 4441
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respectively. These results suggest that both ester crystals emit

prompt uorescence, DF and RTP, exhibiting similar CIDE

characteristics as their acid parents.

Structure and perspective molecular packing of both crystals

are depicted in Fig. 6. Large numbers of C]O/H–C (2.623 Å)

and C]O/C–H (3.172 Å) short contacts form a 2D interaction

network in DMTPA (Fig. 6A); meanwhile, even more abundant

C–F/F–C (2.805 Å), C–F/H–C (2.615 Å), C–F/O–C (2.958 Å),

C]O/H–C (2.704 Å) and C]O/p (2.981 Å) intermolecular

interactions constitute a rmly locked 3D network (Fig. 6B–E) in

DMTFTPA. These effective interactions yield rigidied molec-

ular conformations in crystals, which decrease vibrational

dissipations and afford enhanced emissions. Compared to TPA,

DMTPA exhibits much lower crystal efficiency, which might be

ascribed to the absence of powerful hydrogen bonds. However,

DMTFTPA shows similar or even higher crystal efficiency than

TFTPA, possibly ascribed to the formation of 3D interaction

networks.

To gain more insights into the photophysical processes of

the above compounds, theoretical calculations (for computa-

tional details, see the ESI†) were conducted. The calculated

energy gap and spin–orbit coupling between the involved

singlet and triplet states in both gas phases (gas) and crystals

(crst) are summarized in Tables S3 and S4 (ESI†). Based on the

Franck–Condon principle, the ISC rate is mainly determined by

the energy gap and spin–orbit coupling between singlet and

triplet states. Small energy gap and large spin–orbit coupling

are favorable for the ISC process. Taking TPA for example, for

both gas phase and crystal, there are two excited triplet states

(T1 and T2) lying below the rst excited singlet state (S1), sug-

gesting the possible occurrence of ISCs of S14 T1 and S14 T2.

From gas phase to crystal, though the energy gap between S1

and T1 (DES1T1
) is increased from 0.605 to 0.762 eV, that

between S1 and T2 (DES1T2
) is signicantly decreased from 0.375

to 0.229 eV (Fig. 7, Table S3, ESI†). Moreover, upon crystalli-

zation, the spin–orbit coupling between S1 and T2 is increased

from 4.71 to 11.02 cm�1, far larger than those (ca. #0.1 cm�1)

of hetero-free pure organic molecules. Both above changes

indicate ISC and reverse ISC processes become much easier

through the effective S1 4 T2 path in the crystalline state.

Meanwhile, the spin–orbit coupling between S0 and T1 is also

boosted upon crystallization, suggesting more efficient phos-

phorescence emission. Notably, the oscillator strength is

increased by 55 times in crystals compared to that in gas phase,

indicating signicantly enhanced radiative transition in the

crystals. These calculation results agree well with the experi-

mental results.

Photophysical properties of the aromatic acids and esters are

summarized in Table 1. Clearly, while they only emit weak

uorescence with fairly low efficiency (Fs # 0.57%) in oxygen-

free ethanol, they become more emissive in crystals with Fc up

to 15.3%, giving an enhancement factor (Fc/Fs) as high as �46.

In solutions (or any other disordered phases), triplet emission is

not optimal, and only weak uorescence from the singlet

manifold is generated due to active molecular motions (rota-

tions, vibrations and collisions, Fig. 8A). In crystals, aided by

effective intermolecular interactions, molecular conformations

become rigidied and molecular motions are signicantly

hindered, thus making nonradiative deactivations frustrated

and subsequently leading to enhanced emissions. Moreover,

due to the carbonyl group promoted spin–orbit coupling and

singlet–triplet equilibrium, DF and RTP from singlet and triplet

manifolds are simultaneously triggered, thus exhibiting CIDE

characteristics (Fig. 8B).

Different to strictly uorescence and purely phosphores-

cence emitting molecules, such efficient, simultaneous and

intrinsic uorescence and phosphorescence in a single pure

organic compound at ambient conditions is unusual and

remains virtually unexplored.19b,32 It not only holds great

promise to study dynamic processes and the underlying spin

correlations of organic semiconductors within the lifetime of

the excitons, but also provides new opportunities for use as

optical sensors and attenuators, and spin-independent inter-

mediates for Förster resonant energy transfer.32,33

Fig. 6 Perspective view of molecular packing arrangement in crystals

of (A) DMTPA and (C–E) DMTFTPA. (B) Crystal structure of DMTPAwith

multiple intermolecular interactions. Intermolecular interactions are

denoted by dotted lines.

Fig. 7 Calculated energy diagram and spin–orbital coupling of TPA in

gas phase (left) and crystalline (right) state.

4442 | Chem. Sci., 2015, 6, 4438–4444 This journal is © The Royal Society of Chemistry 2015
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It is also noted that the uorescent emission of the acid

crystals are largely red-shied (up to 75 nm) compared to those

in solutions, which should arise from the conguration rigidi-

cation and/or dimerization of the molecules. As schematized

in the medial part of Fig. 8B, intrinsic intermolecular hydrogen

bonds result in the dimers with a more extended planar skel-

eton. Such a structural feature on one hand increases the

rigidity of the molecules, expanding the molecular conjugation;

on the other hand may further enhance the electronic delocal-

ization through intermolecular electronic communication, thus

resulting in red-shied emission. For esters, the emissions of

crystals and solutions are almost identical owing to the absence

of such dimer-like stacking.

Conclusions

In summary, unprecedented CIDE phenomenon in a group of

metal- and heavy atom-free aromatic acids and esters is

observed under ambient conditions. While carbonyl groups

readily promote the ISC processes, these luminogens are actu-

ally only faintly uorescent in solutions due to active molecular

motions (rotations, vibrations and collisions). However, they

become highly emissive in the crystals due to abundant and

effective intermolecular interactions, which rigidify the molec-

ular conformations and diminish the vibrational dissipations.

Moreover, besides prompt uorescence from singlet states,

crystallization also triggers simultaneous DF and RTP from the

triplet manifold. Specically, persistent RTP (hsi z 290 ms)

from IPA crystals is achieved at ambient conditions, which is

rarely observed in pure organic luminogens. Such a unique

CIDE phenomenon not only provides ideal model systems for

fundamental research in revealing the underlying relationships

between singlet and triplet states, but also paves the way for

developing new materials with RTP and DF for biological (e.g.

bioimaging and biosensing) and optoelectronic applications.
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S. Lautenschlager, A. Schmid, S. R. Yost, T. Van Voorhis,
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