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Triphenylphosphoniumfluorenylide (TPPFY), a fluorescent fluorene attached molecule, showed polymorphism and 

benzene solvent induced aggregation enhanced emission (AEE) in solid state. Crystallization from CH3CN produced non-

fluorescent crystals of TPPFY (TPPFY-1) whereas intense yellow fluorescent crystals (plates and blocks) were obtained from 

benzene (TPPFY-2, λmax = 538 nm, Φf = 38 %). Structural analysis indicates that TPPFY-1 exhibit strong π…π interactions 

(3.371 – 3.399 Å) between fluorene units in the crystal lattice that quenched the solid state fluorescence. In contrast, 

inclusion of benzene molecule in TPPFY-2 prevents close packing of fluorophores and showed intense yellow fluorescence 

in the solid state. TPPFY-2 showed only weak C-H…π interactions between fluorene and phenyl group of 

triphenylphosphoniumylide. Hirshfeld surface analysis further supported the differences in the intermolecular interactions 

and molecular packing between TPPFY-1 and TPPFy-2. Interestingly, heating/strong crushing irreversibly converts 

fluorescent TPPFY-2 crystals to non-fluorescent TPPFY-1 crystals. However, recrystallization of TPPFY-1 from benzene 

produced fluorescent TPPFY-2 crystals. Thus TPPFY displays reversible off-on fluorescence switching heating/crushing and 

recrystallization. PXRD studies confirmed the polymorphism as well as phase conversion of TPPFY-2 to TPPFY-1 by external 

stimuli. This study indicates the role of benzene molecule on controlling molecular packing and functional properties of 

TPPFY. 

Introduction 

Molecular packing, conformation and intermolecular 

interactions play a significant role in controlling or modulating 

opto-electronic properties of functional organic molecules in 

the solid state.1 Subtle change in the conformation and 

intermolecular interaction produced different molecular 

arrangement and drastic modulation of electrical and 

fluorescent response in the solid state.2 Polymorphism, a 

chemical substance exist in more than one form in the 

crystalline state, is an important phenomenon that provides a 

method for better understanding the role of molecular packing 

and resulting solid state properties of organic functional 

molecules.3 For example, four different polymorphs of 

pentacene showed different values of charge carrier mobility.4

Other organic semiconductors such as dithiophene-

tetrathiafulvalene and 1,3-diazapentacene are also known to 

exhibit polymorph dependent electrical properties.5 

 Polymorphism in organic solid state fluorescent materials 

has received increasing attention in recent years because it 

provides a simple strategy to generate tunable and switchable 

fluorescence without doing tiresome iterative synthesis.6 

However, only limited number of organic fluorescence 

molecules exhibited polymorphism in the solid state.7 The 

polymorphs of 2,2’:6,2”-terpyridine exhibit reversible 

structural change and rare on-off fluorescence switching by 

controlled heating.8 The solid state fluorescence of 9-anthryl-

pyrazole has been tuned from blue (445 nm) to greenish blue 

(515 nm) by polymorphism that showed different 

intermolecular interactions and molecular packing in the 

crystal lattice.9 The alkyl chain conformational change in 

tetracene lead to red and yellow emitting polymorphs.10  The 

arrangement of the anthracene unit in 9-anthrylpyrazole 

derivatives produced tunable fluorescence.11 The subtle 

change of quinacridone orientation in N,N’-di(n-

butyl)quinacridone polymorphs produced different solid state 

fluorescence.12 Thermal induced molecular packing in excited 

state intra molecular proton transfer (ESIPT) and 

conformationally flexible molecules produced reversible 

fluorescence switching and tuning.13 The more twisted 

conformation in 2-(2-Hydroxyphenyl)-4(3H)-quinazolinone, an 

ESIPT molecule, lead to blue shifted emission whereas red 

shifted fluorescence has been reported for molecular packing 

with a flat conformation.14 
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 In this manuscript we report the synthesis of fluorene 

attached triphenylphosphoniumfluorenylide (TPPFY) and its 

polymorphism dependent fluorescence in the solid state. 

Crystallization from CH3CN produced non-fluorescent crystals 

of TPPFY (TPPFY-1) whereas crystallization from benzene gave 

intense yellow fluorescent crystals (TPPFY-2, λmax = 538 nm, Φf 

= 38 %). Single crystal analysis of TPPFY-1 revealed strong π…π 

stacking interactions between the fluorene units that leads to 

complete quenching of solid state fluorescence. The inclusion 

of benzene molecules in the crystal lattice of TPPFY-2 altered 

the intermolecular interactions and displayed strong solid 

state fluorescence. The strongly fluorescent TPPFY-2 crystals 

became non-fluorescent either by applying external force such 

as heating or strong mechanical crushing. Interestingly, 

recrystallization from benzene produced fluorescent TPPFY-2 

again. PXRD studies clearly demonstrated the conversion of 

TPPFY-2 to TPPFY-1 by external stimuli. Thus molecular packing 

of TPPFY has been modulated by inclusion of benzene that 

leads to polymorphism and stimuli induced reversible 

fluorescence switching.  

Experimental Section 

Chemicals: Triphenylphosphine and 9-bromofluorene were 

purchased from Sigma-Aldrich and used without further 

purification. Other chemicals and solvents were purchased 

from Merck India.  

Synthesis of TPPFY 

 A slight modification of the literature procedure15 has been 

used as described below.  Triphenylphosphine (1.07 g, 4.07 

mmol) was dissolved in nitrobenzene (10 mL). To this a 

solution of 9-bromofluorene (1.00 g, 4.07 mmol) in 

nitrobenzene (15 mL) was added slowly in drops and stirred at 

RT for 2 h to afford fluorenyl-9-triphenylphosphonium 

bromide (1.98 g, 3.90 mmol, 95%) as colorless crystalline 

precipitate. A hot ethanolic solution of this bromide salt was 

made alkaline using ammonium hydroxide (8 mL) and stirring 

was continued for 30 mins. After cooling, 

triphenylphosphoniumfluorenylide was obtained as light 

yellow crystals, which were filtered and recrystallized using 

acetonitrile. Yield 1.45 g, (87%). IR (KBr, cm-1) 3434, 3054, 

2988, 1601, 1583, 1546, 1479, 1464, 1430, 1321, 1306, 1278, 

1212, 1186, 1151, 1096, 1074, 1021, 888, 749, 723, 693, 621, 

599, 542, 512, 455, 422. 1H NMR (CDCl3, 400 MHz): 6.33 (d, 2J=

8.1), 6.88 (t, 2J=7.2), 6.99 (t, 2J=7.2), 7.48-7.81 (m), 8.16 (d, 2J= 

7.5). 13C NMR (CDCl3, 100 MHz): 53.1 (d, 1JP-C=128.1), 116.3 (d,
2JP-C=37.7) 119.5 (s), 122.9 (s), 125.8 (d, 1JP-C=89.0), 129.2 (d, 
3JP-C=12.0), 130.9(d, 4JP-C=13.5), 132.8 (s), 134.3 (d, 2JP-C=9.8),

141.87 (d, 3JP-C=15.09). 31P NMR (CDCl3, 162 MHz):3.6 (s).

Spectroscopy and structural characterization 

 Absorption and fluorescence spectra were recorded using 

Perking Elmer Lambda 1050 and Jasco fluorescence 

spectrometer-FP-8200 instruments. Fluorescence quantum 

yield (Φf) of TPPFY-2 was measured using a Horiba JobinYvon 

model FL3-22 Fluorolog spectrofluorimeter with integrating 

sphere. The powder X-ray diffraction (PXRD) patterns were 

measured using a XRD- Bruker D8 Advance XRD with Cu Kα 

radiation (λ = 1.54050 Å) operated in the 2θ range from 10ο to 

50ο. A yellow rod like shaped crystal of TPPFY-1 was mounted 

on a Stoe Mark II-Imaging Plate Diffractometer System 

(Stoe&Cie, 2015) equipped with a graphite-monochromator. 

Data collection was performed at 173 K using Mo-Kα radiation 

(λ = 0.71073 Å). Diffraction data for yellow block shaped 

crystal of TPPFY-2 was collected at 100 K on Bruker X8 Apex2 

equipped with Mo-Kα radiation (λ = 0.71073 Å) from  a sealed 

tube with a graphite monochromator, a kappa goniometer and 

Apex2 CCD detector. CCDC Nos. 1497262 (TPPFY-1) 

and1497263 (TPPFY-2) contains the supplementary 

crystallographic data for this paper. 

Results and Discussion

 TPPFY was synthesized as shown in Scheme 1. The reaction 

between triphenylphosphine and 9-bromofluorene in 

nitrobenzene at room temperature produced fluorenyl-9-

triphenylphosphonium bromide that was basified and stirred 

to yield TPPFY as light yellow powder. TPPFY was synthesized 

as shown in Scheme 1. The reaction between 

triphenylphosphine and 9-bromofluorene in nitrobenzene at 

room temperature produced fluorenyl-9-

triphenylphosphonium bromide that was basified and stirred 

to yield TPPFY as light yellow powder. The presence of 

fluorenyl group attached to P+ centre stabilizes TPPFY via 

resonance where the negative charge on ylidic carbon can be 

delocalised over the aromatic fluorenyl group.  The peak at 

1186 cm-1 in the FTIR spectrum of TPPFY is assigned to ν(P=C) 

(Fig S1).  This value is in good agreement with the range (1180 

– 1230 cm-1) reported for the phosphorus ylides of the type

Ph3P=C5H4 where the P=C is stabilized by powerful resonance 

interactions.16 In stark contrast, the peak observed at 1108 cm-

1 in the IR spectrum of TPPFY+Br- is assigned to ν(P-C) 

confirming the increased P-C bond order in TPPFY.   Similarly, 

the 31P NMR spectrum of TPPFY shows a single peak at 3.6 

ppm which is much downfield shifted than 31P NMR signal for 

TPPFY+Br- (30.6 ppm) further confirming the resonance 

stabilized interaction between phosphorus and carbon centres 

in TPPFY. The 31P decoupled 1H NMR spectrum shows well 

resolved signals accounting for all the protons and indicating 

the symmetry present in the molecule. H4/4’ protons are 

appeared as doublet at 6.33 ppm and H7/7’ signal is shifted 

downfield and observed at 8.16 ppm (Fig. S2). Two sets of 

triplet signals centred at 6.88 and 6.99 ppm account for 

H5/5’and H6/6’ protons, respectively. The three phenyl groups 

attached to phosphorus atom are observed as separate sets of 

multiplets in the region 7.48 – 7.81 ppm. The most interesting 

feature in the 13C NMR spectrum is the high up-field shift of 

ylidic carbon, C1 (53.1 ppm) which hints that the negative 

charge is perhaps predominantly located at C1. All other 

carbons of fluorenyl group are located in the region 116.07 – 

141.86 ppm.  The phenyl group carbons show separate signals 

for Cipso (125.8 ppm), Cortho (134.3 ppm), Cmeta (129.2 ppm) and 

Cpara (132.8 ppm). Coupling with P centre is observed for most 

of the 13C NMR signals. Among the carbons attached directly to 

P atom, the greatest coupling constant value is noted for ylidic 
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carbon, C1 (1JP-C = 128.1 Hz) followed by phenyl ipso carbons 

(1JP-C = 89.0 Hz).

Scheme 1. Synthesis of TPPFY.  

 The attachment of fluorescent fluorene along with twisted 

non-planar conformation of phenyl group around phosphorus 

of TPPFY was expected to exhibit solid state fluorescence. 

However, the as-synthesized yellow powder of TPPFY did not 

show any florescence in the solid state. Single crystals of TPPFY 

was attempted to grow from different solvents (CH3CN, CH2Cl2, 

CHCl3, ethyl acetate, THF, CH3OH, C2H5OH and benzene) to 

explore the polymorphism and get an insight on the molecular 

conformation and packing in the solid state. However, TPPFY 

single crystals were obtained only from CH3CN and benzene 

solvent by slow evaporation. The crystals grown from CH3CN 

are denoted as TPPFY-1 and crystals obtained from benzene 

are denoted as TPPFY-2. Similar to as-synthesized powder, 

TPPFY-1 did not show any solid state fluorescence. 

Interestingly, TPPFY crystals grown from benzene showed 

strong yellow fluorescence in the solid state (Fig. 1a inset). It is 

noted that TPPFY in solution state did not exhibit fluorescence 

in any solvents including benzene. This indicates the AEE 

phenomena of TPPFY-2 in the solid state. It was observed that 

only the crystals of TPPFY grown from benzene exhibited 

strong yellow fluorescence whereas powdered materials 

obtained by quick precipitation even from benzene did not 

show fluorescence. This suggests that molecular arrangement 

and conformation of TPPFY in the crystals play a significant 

role to produce solid state fluorescence.  

 Single crystal X-ray structural analysis was performed to 

get an insight on the molecular conformation and packing of 

TPPFY-1 and TPPFY-2. TPPFY-1 crystallized in the P21/c space 

group whereas TPPFY-2 crystallized in C2/c space group and 

confirmed the polymorphism (Table 1). Phosphorous in both 

crystals showed tetrahedral geometry with nearly similar bond 

distance and bond angle (Fig. S3, Table S1). However, twisting 

of phenyl and fluorene groups around phosphorous differed 

both in TPPFY-1 and TPPFY-2 (Fig. 1a). The molecular packing 

of TPPFY-1 showed π…π stacking interactions between 

fluorene (3.371-3.399 Å) that lead to the formation of face to 

face orientation of fluorene units and produced dimers (H-

aggregate) in the crystal lattice with exactly opposite 

orientation of molecules (Fig. 1b). The weak C-H…π 

interactions further inter-connects the dimers in the crystal 

lattice along ac-plane. The formation of H-aggregates with face 

to face orientation of fluorene in the crystal lattice makes it 

non-fluorescent in the solid state. The formation of a dimer 

splits excitation level into two levels: one lower and another 

higher than that of the monomer (Scheme S1).17 If the 

transition dipoles of the monomers are oppositely arranged, 

the electronic transition to and from the lower level is 

forbidden. However, the transitions to and from the higher 

level is optically allowed if coupling of dipoles results in a non-

zero transition moment. Hence H-aggregated solids showed 

blue shifted fluorescence often with lower efficiency since the 

exciton energy was consumed by vibration relaxation from 

upper level to low level, from which the transition to the 

ground state is forbidden. Hence TPPFY-1 that exhibited H-

aggregates with opposite dipole orientation is non-fluorescent 

in the solid state.   

Fig. 1. (a) Molecular conformation of TPPFY in TPPFY-1 and TPPFY-2 and (b) 

intramolecular H-bonding and π…π interactions in the crystals lattice of TPPFY-1. C 

(grey), P (orange), H (white); H-bonds and π…π interactions (broken line). H-bond π…π 

distances are marked in Å. 

 The structural analysis of TPPFY-2 showed the inclusion of 

benzene molecules in the crystal lattice (Fig. 2a, S4). In 

contrast to TPPFY-1, TPPFY-2 did not show any π…π 

interactions and face to face orientation between fluorene 

units (Fig. 2). The fluorene unit formed only weak C-H…π 

intermolecular interactions between phenyl hydrogen and 

fluorene (Fig. 2b). The two benzene molecules included in the 

crystal lattice of TPPFY-2 were adopted different orientations 

(Fig. 2a). Furthermore benzene molecules were stabilized via 
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weak C-H…π  intermolecular interaction between of phenyl 

group and benzene solvent in the crystal lattice (Fig. 2c). Thus 

the benzene molecules play significant role in modulating 

intermolecular interactions and preventing face to face 

fluorene dimer formation in the crystal lattice of TPPFY-2. The 

prevention of face to face orientation of fluorene units 

resulted in strong fluorescence in the solid state. Differential 

scanning calorimetry (DSC) studies showed clear phase 

transition for TPPFY-2 at 88 °C whereas TPPFY-1 did not show 

any phase transition (Fig. S5).   

 In order to gain a deeper understanding and to quantify 

intermolecular interactions in the two polymorphs, Hishfeld 

surface analysis18 and associated 2D finger print plots19 were 

generated using Crystal Explorer 3.1.20 The deep red spots in 

the dnorm surfaces are indicative of hydrogen bonding contacts 

(Fig. 3a).  In TPPFY-1, apart from the red spots over the phenyl 

rings, there is a prominent deep red region located over the 

centre of the fluorene moiety, whereas in TPPFY-2 there are 

two relatively smaller spots located on one side of the fluorene 

group (Fig. 3a) which clearly illustrates that the nature of 

intermolecular interactions are different in each of the  

Fig. 2. Molecular packing (a) intermolecular interaction between TPPFY (b) and benzene 

intermolecular interaction with TPPFY in the crystals lattice of TPPFY-2. C (grey), P 

(orange), H (white); H-bonds (broken line). H-bond distances are marked in Å. 

Fig. 3. Hirshfeld surfaces mapped with (a) dnorm, (b) finger print plots full, (c) resolved 

into H…H, (d) C…H and (e) C…C (e) for TPPFY-1 and TPPFY-2 showing percentages of 

contact contributing to the total Hirshfeld surface area of the molecules. 

Table 1. Crystallographic data of TPPFY-1 and TPPFY-2. 

polymorphs.  The H…H intermolecular contacts is the major 

contributor to the total Hirshfeld surface and comprises 61.1% 

in TPPFY-1 and 60.9% in TPPFY-2 (Fig. 3b).  The characteristic 

spikes observed at the bottom left of finger print plot are 

associated with the H…H contacts with the shortest of them 

occurring around de + di ~ 2.2 Å for both polymorphs (Fig. 3c). 

A clear splitting feature observed on the lower de and di 

distances of H…H finger prints is indicative of the fact that a 

Compound 
TPPFY-1 

(1497262) 

TPPFY-2 

(1497263) 

chemical formula C31 H23 P C31 H23 P, C6 H6 

formula mass 426.46 504.57 

crystal system monoclinic monoclinic 

space group P21/c (No. 14) C2/c (No. 15) 

a (Å) 13.252(3) 27.996(2) 

b (Å) 16.668(2) 11.8779(9) 

c (Å) 10.2556(18) 17.3544(13) 

β (deg) 103.378(14) 113.260(3) 

unit cell 

volume(Å3)
2203.8(7) 5301.9(7) 

temp (K) 173 100 

no. of formula 

units per unit cell, 

Z 

4 8 

radiation type MoKa MoKa 

abs coeff (μ/mm−1) 0.142 0.129 

no.reflns measured 14169 51620 

no. independent 

reflns 
3738 6565 

Rint 0.099 0.058 

final R1 values (I > 

2σ(I)) 
0.0454 0.0380 

final R2(F2) values (I

> 2σ(I)) 
0.1205 0.0985 

final R1 values (all 

data) 
0.0533 0.0598 

final R2(F2) values

(all data) 
0.1284 0.1189 

GOF on F2 1.08 1.11 
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substantial number of shortest H…H contacts are between 

three atoms and not between two direct atoms.20 The second 

dominant interaction observed in the finger print plot 

exhibited as a pair of well-defined peripheral “wings”, is that of 

the H…C contacts comprising 36.9 and 37.4% in TPPFY-1 and 

TPPFY-2, respectively to the total Hirshfeld surface (Fig. 3d).  

These wing-like features are recognized as characteristic of C-

H…π nature and the shortest of these H…C contacts are 

observed in the area around de + di ~ 2.6 Å.  The C…C contacts 

comprises only 2.0% of total number of contacts in TPPFY-1 

while the same contact for TPPFY-2 is slightly lower (1.7%, Fig. 

3e).  The C…C contacts, which are related to π…π contacts are 

observed at the top right of the finger print plot as 

characteristic symmetric areas in the region de = di ~ 1.7 – 2.2 

Å for TPPFY-1 which occurs as a broad feature whereas for 

TPPFY-2 it is observed at de = di ~ 1.8 – 2.5 Å as a narrow band.  

In addition, there is an interesting clear distinguishing feature 

observed between the finger print plots of the two 

polymorphs; only TPPFY-2 shows a tail-like area at the top 

right of the plot.  This tailing exhibited by a significant number 

of points at large values of de and di corresponds to regions 

that are devoid of any close contacts to nuclei in adjacent 

molecules.  This is similar to what is observed in the finger 

print plots of benzene20 and other compounds containing 

phenyl groups.21 Thus, the difference in intermolecular 

interactions and packing is clearly reflected in the Hirshfeld 

surface and the corresponding finger print plots.  

Fig. 4. Solid state fluorescence spectra of TPPFY-1 and TPPFY-2 under different stimuli. 

 The fluorescence spectra of TPPFY-2 showed strong solid 

state fluorescence at λmax = 538 nm (Φf = 38 %, Fig. 4). 

Interestingly, mechanical crushing converted strongly 

fluorescent yellow TPPFY-2 crystals into completely non-

fluorescent. Similarly, heating of TPPFY-2 crystals also 

converted to non-fluorescent form. We have also observed 

that TPPFY-2 becomes non-fluorescent after storing at room 

temperature for more than five days. This could be due to the 

loss of benzene molecules from the crystal lattice of TPPFY-2. 

However, unlike other organic fluorescent host systems22 that 

exhibits reversible fluorescence switching upon solvent 

exposure and removal, the solid state fluorescence of TPPFY-2 

could not be recovered by exposing to benzene again. But 

recrystallization of non-fluorescent TPPFY powder from 

benzene converted back to yellow fluorescent crystals. Thus 

TPPFY becomes solid state fluorescence only when benzene 

molecules included in the crystals since that prevents π…π 

stacking interaction induced face to face orientation of 

fluorene in the crystal lattice. It is noted that most of 

mechanochromic fluorescent materials showed reversible 

fluorescence switching via phase change.23 To get an insight on 

the structural or phase change upon applying external stimuli 

(heating/mechanical crushing), we have performed PXRD for 

TPPFY-1 and TPPFY-2 (Fig. 5). The comparison of PXRD pattern 

of TPPFY-1 and TPPFY-2 with simulated pattern from 

respective single crystal data confirmed the phase purity of 

samples (Fig. S6,S7). Surprisingly, strong crushing or heating 

did not convert TPPFY-2 from crystalline to an amorphous 

phase but rather to the TPPFY-1 structure. However, exposure 

of benzene did not show reversible structural conversion. This 

could be due to the loss of weakly held benzene and higher 

stability of TPPFY-1 by strong π…π stacking interactions 

between fluorene units in the crystal lattice. We have also 

attempted to grow TPPFY crystals from toluene and xylene to 

study the effect of substitution in the benzene. Unfortunately, 

both toluene and xylene produced only non-fluorescent micro-

crystals of TPPFY. 

 Fig. 5. PXRD pattern of TPPFY-1 and TPPFY-2. 

Conclusion 

 In conclusion, we have synthesized fluorescent fluorene 

attached TPPFY and demonstrated polymorphism as well as 

benzene controlled stimuli responsive on-off fluorescence 

switching. TPPFY crystallized from CH3CN revealed strong π…π 

stacking interactions between fluorene units in the crystal 

lattice that completely quenched the solid state fluorescence. 

In contrast, TPPFY-2 crystals grown from benzene showed 

strong yellow fluorescent (λmax = 538 nm, Φf = 38 %). TPPFY-2 

did not show any strong intermolecular interactions as well as 
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π…π stacking interactions between fluorene units. The 

benzene molecules included in the crystal lattice completely 

modulated the molecular packing and intermolecular 

interactions. The weak intermolecular interactions between 

benzene and phenyl hydrogen stabilize benzene molecules in 

the crystals. The prevention of π…π stacking between fluorene 

units lead to strong fluorescence in the solid state. TPPFY-1 

was irreversibly converted to TPPFY-1 by heating or strong 

mechanical crushing. However, recrystallization from benzene 

produces fluorescent TPPFY-2 again. The difference in the 

intermolecular interactions and molecular packing was further 

confirmed by Hirshfeld surface analysis. Thus benzene solvent 

played significant role on the structural transformation as well 

as stimuli responsive reversible fluorescent properties of 

TPPFY in the solid state. 
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