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Synthesis and Aggregation Properties of A Series of 
Dumbbell Polyhedral-Oligosilsesquioxane-Perylene 
Diimide Triads 

Ying Zhanga, Liangliang Zhangb, Heyuan Liua, Di Suna, and Xiyou Lia,* 

A series of perylenetetracarboxylic diimide (PDI) derivatives connected with two bulky polyhedral 

oligosilsequioxanes (POSS) were designed and synthesized for the purpose of revealing the effect of 

bulky and well-defined side groups on the self-aggregation behaviour of PDIs. The properties of these 

compounds in solution were investigated by UV-vis absorption spectra, fluorescence spectra, and 

fluorescence quantum yields. The results indicate that the POSS groups do not show large effects on 

the spectroscopy properties of PDIs in solution. However, the solid states spectroscopic properties of 

these compounds are significantly affected by the bulky POSS groups. The presence of bulky POSS 

groups changes the packing structure of the molecules in solid states and then affects the solid states 

emission properties. Our results revealed that the introduction of bulky POSS groups to the molecules 

will not inevitably lead to promoted solid state fluorescence quantum yield as expected. It is the 

packing structure of the molecules in solid state which determine the solid state fluorescence 

quantum yields. If the bulky POSS groups lead to the formation of “J” aggregates in solid states, then 

the solid state fluorescence quantum yields will be improved significantly. Otherwise, if the bulky POSS 

groups cause  “H” type aggregation for the molecules, the solid state fluorescence quantum yields will 

be small. 

Introduction 

Perylenetetracarboxylic diimide (PDI) derivatives are a group 
of important organic dyes because of their various applications, 
such as organic field-effect transistors,1-3 light emitting diodes, 
4-11 and solar cells.12,14 PDIs are well known for their excellent 
photochemical and thermal stabilities and high fluorescence 
quantum yields. But the varied applications of PDI in different 
fields require different photophysical or chemical properties, 
which can be achieved by introducing different substitutents at 
different positions of PDI molecules.  

The substitution positions of PDI molecules can be divided 
into three categories, they are the imide N,N′ positions, the 1, 6, 
7, 12 positions of the hydrocarbon core (the “bay” positions)15 
and the 2, 5, 8, 11 positions (the peripheral positions). The 
substituents at imide nitrogen atoms normally lead to 
significant improvement on solubility in conventional organic 
solvents. Normally, no significant change on the photophysical 
property can be observed with substitution at the imide position 
of PDIs due to nodes in both the HOMO and LUMO along the 
long axis.16,17 However, the substitution at the bay positions can 
change the photophysical properties of PDI significantly by 
disturbing the plane conformation of PDI core or the frontier 

molecular orbital distribution on the molecule skeleton.18,19 By 
changing the properties of the bay substituents, the absorption 
and fluorescence bands can be moved from visible region to 
near infrared region20. The peripheral substitution can improve 
the solubility of molecules in organic solvents and change the 
photophysical properties simultaneously without disturbing the 
planar configuration of PDI core. A recent report reveals 
efficient singlet fission in the crystal of a peripheral substituted 
PDI compound.21 Among the numerous studies on the synthesis 
of new PDI compounds, reducing the exciton interactions by 
introducing different groups at different positions and thus 
increasing the fluorescence quantum yields at solid states 
became a very important part, because of the great application 
potential of these materials. Langhals and coworkers showed 
that the aggregation of PDI can be prevented by introducing 
steric inhibiting alkyl groups at the imide nitrogen atoms, and 
the resulted compound exhibits strong fluorescence in solid 
state.22,23 Liu et al. successfully introduced β-cyclodextrin 
grafts into the imide N,N′ positions, this compound exhibit 
strong solid-state fluorescence and can probe the vapor of 
organic amines with high sensitivity.24 Previous studies in our 
group have shown that the steric hindrance introduced by the 
substituents at bay positions affects the aggregation behavior of 

Page 1 of 12 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE  Journal Name 

2 | J.  Name., 2012, 00, 1‐3  This journal is © The Royal Society of Chemistry 2012 

PDI molecules efficiently.25 Water-soluble PDIs have been 
obtained by incorporating hydrophilic moieties, including 
polyglycerol dendrons26 and Newkome dendrons,27 to the imide 
N,N’ positions, and PDI aggregation could be suppressed and 
fluorescence quantum yields could be improved in water.26  

Polyhedral oligosilsequioxanes (POSS) molecules, with 
unique nanoscale cage-shaped structure, have been widely 
incorporated into polymers because of their excellent 
performances in tuning mechanical strength28 and thermal 
stability,29 and other physical characteristics.28 Moreover, many 
POSS-based organic dyes, such as boron dipyrromethene 
(BODIPY),30,31 porphyrin,32 phthalocyanines,33 and azobenzene 
compounds,34 were prepared and showed some new superior 
properties, such as the reduced aggregation ability in 
solutions,32 the improved photochemical stabilities35 and so on. 
POSS-containing PDI was also prepared, and showed high 
sensitivity in rapid detection of fluoride ions in aqueous 
solution.36 In the present work, we designed and synthesized a 
series of POSS-containing compounds with different 
substituents at the bay positions. The structures of these 
compounds are summarized in Scheme 1. This research was 
aimed at revealing the synergistic effect of substituents at the 
bay positions and POSS groups at the imide nitrogen atoms on 
reducing the aggregation of PDI molecules in solid states. 

Experimental Section  

Instrument and methods 
1H spectra were recorded on a Bruker 300 or 400 MHz NMR 
spectrometer with chemical shifts reported in ppm (TMS as 
internal standard). MALDI-TOF mass spectra were recorded 
with a Bruker/ultra flex instrument. Absorption spectra were 
measured on SHIMADZU UV-2450 spectrophotometer with a 
wavelength resolution of 0.3 nm. Steady state fluorescence 
spectra, and fluorescence lifetimes were measured on FLS920 
(Edinburgh) fluorometer with excitation at 400 nm. Steady state 
fluorescence spectra were recorded by exciting the samples 
with Xe lamp. The wavelength resolution of the 
monochrometer is 0.1 nm. The fluorescence lifetime data were 
recorded following 445 nm excitation with a picosecond pulsed 
laser diode (EPL-445, Edinburgh Instruments). The 
fluorescence lifetimes were measured with a time correlated 
single photon counting (TSPC) methods. Solution fluorescence 
quantum yields were calculated with 1a (100%, 5×10-6M in 
chloroform) as standard. The absolute solid state fluorescence 
quantum yields were measured with integrating spheres on 
FLS920. Single-crystal X-ray diffraction data of 3b and 3c 
were collected with the use of Agilent Xcalibur Eos Gemini 
diffractometer with Enhance (Cu) X-ray Source (Cu-Kα, λ = 
1.54178 Å). The data were collected at 150 K because the 
crystals lose solvent fast and have extensive disorder in the 
solvent sphere. Single-crystal X-ray diffraction data of 1b was 
collected at room temperature. All absorption corrections were 
applied using the multiscan program SADABS. All structures 
were solved by direct methods using the SHELXS-9737 

program of the SHELXTL package and refined by the full-
matrix least-squares method with SHELXL-97.38 

The thin solid films of these compounds were prepared by 
dropping the solution of the compounds in chloroform to the 
cleaned surface of quartz (for the spectroscopy measurements 
and crystal silica (for XRD experiments). Single crystals 
suitable for X-ray diffraction were obtained by dissolving 1b in 
CHCl3, 3b and 3c in a mixture of CHCl3/MeOH = 3:2, followed 
by slow evaporation of the solvents. 

Materials 

Aminopropylisobutyl POSS (AM0265) and p-
aminophenylisobutyl POSS (AM0292) were purchased from 
Hybrid Plastics. Imidazole and o-dichlorobenzene (ODCB) 
were purchased from J&K. Perylene-3,4,9,10-tetracarboxylic 
dianhydride and other chemicals were purchased from 
commercial sources. Solvents were of analytical grade and used 
directly without any purification. 1a39 and 1c40 was prepared 
according to literatures. 1b, 2a-c, 3a-c are synthesized by either 
method A or method B.  
METHOD A: Perylene-3,4,9,10-tetracarboxylic dianhydride 
(0.05mmol)， amines (0.15 mmol) and imidazole (0.5g) in 
toluene (15ml) was heated to reflux under a nitrogen 
atmosphere and kept at reflux for 24h.41 The solvent was 
removed under reduced pressure and the residue was washed 
with dilute hydrochloric acid (10%, 100 mL) and then water. 
The product was purified by column chromatography on silica 
gel (200 - 300 mesh). After recrystallization from chloroform 
and methanol, the product was collected and subjected to 
structure characterization.  
METHOD B: Perylene-3,4,9,10-tetracarboxylic dianhydride 
(0.05mmol), p-aminophenylisobutyl POSS (0.15 mmol), 
imidazole (0.5 g), and 2 mL of o-dichlorobenzene (ODCB) 
were refluxed at 140 °C under nitrogen atmosphere for 6h. 
After cooling, the reaction mixture was dispersed in 20 mL 
ethanol and 20 mL HCl(2N). The mixture was extracted two 
times with 200 mL chloroform. The combined organic phase 
was washed with 5% NaHCO3 aqueous solution until neutral, it 
was then concentrated, and purified by column chromatography 
on silica gel (200-300 mesh ), after recrystallization from 
chloroform and methanol, the product was subjected to 
structure characterization. 
1a: Method A. The product was purified by column 
chromatography with chloroform as eluent, and collected as a 
dark red solid with a yield of 90%. 1H NMR (CDCl3, 300 MHz, 
ppm): δ 8.67 (m, 8H), 4.22 (t, 4 H), 1.79 (m, 4 H), 1.29 (m, 
20H), 0.89 (t, 6H). Anal. calcd for C40H42N2O4 (%): C 78.15, H 
6.89, N 4.56; found: C 78.37, H 6.67, N 4.42. 
1b: Method B. The product was purified by column 
chromatography with chloroform as eluent,  1b was collected as 
red solid with a yield of 88%. 1H NMR (CDCl3, 300 MHz, 
ppm): δ 8.68 (m, 8H), 4.21 (m, 4H), 1.84 (m, 18H), 0.94 (m, 
84H), 0.74 (t, 4H), 0.58 (m, 28H). MALDI-TOF (m/z): calcd 
2102.64; found 2125.720 [M+Na+]; Anal. calcd for 
C86H146N2O28Si16 (%): C 48.99, H 7.12, N 1.28; found: C 
49.06, H 6.99, N 1.33. 
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1c: Method B. Yield 43%. 1H NMR (CDCl3, 300 MHz, ppm): δ 
8.76 (m, 8H), 7.87 (d, 4H), 7.37 (d, 4H), 1.91 (m, 14 H), 0.98 
(m, 84H), 0.66 (m, 28H). Anal. calcd for C92H142N2O28Si16 (%): 
C 50.84, H 6.59, N 1.29; found: C 50.59, H 6.74, N 1.21.  
2a: Method A. The mixture was purified by column 
chromatography with dichloromethane/hexane (v/v = 5:4) as 
eluent, and 2a was collected with a yield of 77%. 1H NMR 
(CDCl3, 300 MHz, ppm): δ 9.61 (d, 2H), 8.59 (d, 2H), 8.36 (s, 
2H), 7.47 (t, 4H), 7.10 (t, 4H), 4.14 (t, 4 H ), 1.75 (m, 4H), 1.37 
(s, 18H ), 1.25 (m, 20H), 0.86 (m, 6H).  13C NMR (CDCl3, 75 
MHz, ppm): 162.2, 161.8, 154.4，151.5，147.2，132.3，
129.0，128.1, 127.7， 126.4，123.8，122.7，122.6,121.1, 
118.1, 39.6, 33.5, 30.8, 30.4, 28.3, 28.2, 27.0, 26.1, 21.6, 13.1; 
MALDI-TOF (m/z): calcd 910.49; found 910.99 [M+]. Anal. 
calcd for C60H66N2O6 (%): C 79.09, H 7.30, N 3.07; found: C 
78.92, H 7.47, N 3.14.  
2b: Method A. The mixture was purified by column 
chromatography with chloroform/hexane (v/v = 4:1) as eluent 
to give compound 2b in yield of 45%. 1H NMR (CDCl3, 300 
MHz, ppm): 9.63 (m, 2H), 8.60 (m, 2H), 8.37 (s, 2H), 7.45 (t, 
4H), 7.10 (t, 4H), 4.14 (m, 4H), 1.82 (m, 18 H), 1.50 (s, 4H ), 
1.36 ( s, 18H ), 0.91 (m, 84H), 0.58 (m, 28H). 13C NMR 
(CDCl3, 75 MHz, ppm): 163.3, 162.9, 155.5, 152.7, 148.1, 
133.5, 130.1, 129.4, 128.8, 127.4, 125.1, 123.9, 123.8, 122.3, 
119.1, 42.9, 34.5, 31.5, 25.7, 23.84, 22.4, 21.5, 9.8; MALDI-
TOF (m/z): calcd 2398.81; found 2400.15 [M+H+]. Anal. calcd 
for C106H170N2O30Si16 (%): C 53.01, H 7.13, N 1.17; found: C 
52.87, H 7.24, N 1.07.   
2c: Method B. The product was purified by column 
chromatography using hexane/dichloromethane (v/v= 3:2) as 
eluent. The product was collected with a yield of 61%. 1H 
NMR (CDCl3, 300 MHz, ppm): δ 9.64 (d, 2H), 8.60 (d, 2H), 
8.40 (s, 2H), 7.82 (m, 4H), 7.46 (m, 4H), 7.32 (d, 4H), 7.12 (m, 
4H), 1.50 (s, 4H), 1.36 (s, 18H), 0.91 (m, 84H), 0.58 (m, 28H). 
13C NMR (CDCl3, 75 MHz, ppm): 163.7, 163.4, 156.1, 152.7, 
148.7, 137.0, 135.4, 134.2, 133.2, 130.8, 129.9, 129.3, 128.0, 
127.8, 125.6, 124.3, 124.1, 122.6, 119.6, 34.6, 31.5, 29.7, 25.7, 
23.9, 22.6; MALDI-TOF (m/z): calcd 2466.78; found 2467.39 
[M+H+]. Anal. calcd for C112H166N2O30Si16 (%): C 54.46, H 
6.77, N 1.13; found: C 54.03, H 6.59, N 1.01. 
3a: Method A. The mixture was purified by column 
chromatography with  dichloromethane/hexane (v/v = 3:2) as 
eluent, and obtained as dark red solid in yield 56%. 1H NMR 
(CDCl3, 300 MHz, ppm): δ 8.22 (s, 4H), 7.22-7.25 (m, 8H), 
6.80-6.84 (m, 8H), 4.08-4.12 (t, 4H), 1.62-1.69 (m, 4H), 1.23-
1.29 (m, 56H), 0.83-0.86 (t, 6H).  13C NMR (CDCl3, 75 MHz, 
ppm): 163.3, 155.9, 152.9, 147.3, 132.9, 126.6, 122.5, 120.4, 
119.9, 119.5, 119.3, 42.9, 34.4, 31.5, 25.69, 25.67, 23.8, 22.5, 
22.4, 21.6, 9.75; MALDI-TOF (m/z): calcd 1206.67; found 
1207.93 [M+H+]. Anal. calcd for C80H90N2O8 (%): C 79.57, H 
7.51, N 2.32; found: C 79.35, H 7.67, N 2.17.  
3b: Method A. The resulting product was purified by column 
chromatography with dichloromethane/hexane (v/v = 3:2) as 
eluent, and collected as a red solid with a yield of 45%. 1H 
NMR (CDCl3, 300 MHz, ppm): δ 8.14 (s, 4H), 7.22 (m, 8H), 
6.82 (m, 8H), 4.09 (t, 4H), 1.81 (m, 18H), 1.29 (s, 36H), 

0.91(m, 84H), 0.56 (m, 32H); 13C NMR (CDCl3, 75 MHz, ppm): 
162.4, 154.9, 151.9, 146.2, 131.9, 125.6, 121.5, 119.5, 118.8, 
118.4, 118.3, 39.6, 33.3, 30.7, 30.4, 28.2, 26.1, 21.6, 13.0; 
MALDI-TOF (m/z): calcd 2694.99; found 2695.57 [M+H+]. 
Anal. calcd for C126H194N2O32Si16 (%): C 56.09, H 7.25, N 
1.04; found: C 55.78, H 7.37, N 1.11. 
3c: Method A. The desired product was further purified by 
column chromatography using hexane/dichloromethane (v/v = 
3:2) as eluent to get compound 3c in yield 48%. 1H NMR 
(CDCl3, 400 MHz, ppm): δ 8.27 (s, 4H ), 7.79 (d, 4H ), 7.25 (d, 
12H ), 6.87 (d, 8H ), 1.88 (m, 14H ), 1.29 (s, 36H ), 0.95-0.99 
(m, 84H ), 0.64-0.66 (m, 28H ).  13C NMR (CDCl3, 75 MHz, 
ppm): 163.7, 156.1, 152.8, 147.4, 137.0, 135.0, 133.2, 132.7, 
127.7, 126.7, 122.6, 120.7, 120.2, 119.8, 119.4, 34.4, 31.41, 
25.7, 23.9, 22.5. MALDI-TOF (m/z): calcd 2762.96; found 
2762.70 [M+]. Anal. calcd for C132H190N2O32Si16 (%): C 57.31, 
H 6.92, N 1.01; found: C 56.56, H 7.03, N 0.92. 

Results and discussion  

Molecular design and synthesis 

 

  Scheme 1: Synthetic and molecular structures of compounds 1a‐c, 2a‐c, 3a‐c. 

The effects of bulky substituents and branched alkyl tails on 
modifying phase structures and molecular packing have been 
nicely illustrated by previous studies.42,43 Polyhedral 
oligosilsequioxanes (POSS), regarded as a small inorganic  
nanoparticle with diameter up to 1.5 nm,44 were chosen as the 
bulky group because of their well-defined nature. The 
incorporation of POSS into organic molecules can bring 
remarkable improvement on the thermal and oxidative 
stability.45 More importantly, the highly crystalline packing of 
POSS cages can sometimes aid the self-assembly in forming 
ordered structures in the solid state. Nevertheless, there are few 
reports on the systematic study of the effect of POSS on the 
self-assembly and ordered packing of π-conjugated materials32 
in the solid state. Therefore, POSS was chosen as a structural 
motif to couple with PDI as a model system to examine the 
effect of bulky groups at the imide nitrogen atoms and bay 
positions on the self-assemble of PDIs.  

There are basically two ways to link POSS to both 
nitrogen atoms of PDI: through a rigid linkage or a flexible 
linkage. The former gives shape-persistent dumbbell-like 
molecules, while the latter gives relative flexible molecules. If 
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the flexible linkage between POSS and PDI is used, the 
interaction between POSS and PDI will be small, and therefore, 
less influence is expected for the POSS on the self-assemble of 
PDIs.46 Therefore, the POSS cages are covalently attached to 
PDI through both a flexible linkage and a rigid linkage.  

The general synthetic procedures are shown in Scheme 1. 
All the new compounds were prepared by the coupling of 
3,4,9,10-perylenetetracarboxylic dianhydried (PDA), 1,7-di(p-
tert-butylphenoxy)perylene-3,4,9,10-tetracarboxylic 
dianhydride, and 1,6,7,12-tetra(p-tert-butylphenoxy)perylene-
3,4,9,10-tetracarboxylic dianhydried with corresponding amino 
POSS. Two different methods are employed in the preparation 
of these compounds: method A (refluxing in imidazol/toluene) 
and method B (refluxing in imidazol/ODCB). Compounds 1a, 
2a-b, and 3a-b were prepared with method A and the rest of the 
compounds were prepared with method B. For the PDAs 
without substituents at the bay positions, the coupling between 
the dianhydried and amino-POSS was easier in 
imidazole/ODCB with higher production yields. Otherwise, for 
the PDA with bay position substitutions, the coupling will be 
easier in imidazole/toluene because of the improved solubility 
of PDAs. The molecular structure of these new compounds has 
been fully characterized by 1H NMR, MALDI-TOF mass and 
elemental analysis. 

Properties of these compounds in solution 

The optical properties of these new compounds in solution were 
investigated by UV-Vis and fluorescence spectroscopy. The 
spectra of 2a-c, 3a-c are shown in ESI (Fig S1). 

 
Fig.  1 UV‐vis  absorption  (solid)  and  fluorescence  spectra  (hollow)  of  1a  (black 

square),  1b  (red  circle),  1c  (blue  triangle)  in  chloroform  (5.0×10‐6M)  at  room 

temperature. The inset shows the schematic molecular structure of 1a‐c.  

Fig. 1 shows the absorption and emission spectra of 1a-c 
in CHCl3. All these three compounds (1a-c) exist as isolated 
molecules and non aggregate was found in the solution as 
revealed by the absorption spectra.47 In the visible region, three 
pronounced absorption bands are observed respectively at 457 
nm, 488 nm, 525 nm for 1a. The band at 525 nm represents the 
lowest energy transition from the ground state to the first 

excited state, whilst the subsequent maxima at 488 and 457 nm 
correspond to transitions to the various excited vibrational 
levels of the first electronic excited state, consistent with the 
previous findings.48,49,50 The absorption spectra of 1b are 
identical to that of 1a, no difference on the maximum 
absorption wavelength and molar extinction coefficient can be 
identified, which means the POSS groups linked by the flexible 
linkage at the imide nitrogen atoms do not interact with the PDI 
core. The absorption spectra of 1c are also very similar with 
that of 1a and 1b, but a small red-shift (about 2 nm) on the 
absorption maximum can be identified. It is not a system error 
caused by instrument, because in one hand the wavelength 
resolution of the instrument (0.3 nm) is much smaller than the 
shift, on the other hand similar red-shifts have been found for 
2c and 3c in comparison with their counterpart 2a and 3a, 
respectively. This means, even though the molecular orbital 
knots on the imide nitrogen atoms, the phenyl bridge has indeed 
influenced the absorption spectrum of PDI slightly. 

By comparing the absorption spectra of 2a-c and 3a-c 
(Fig. S1(a,b) ESI) with those of 1a-c, we can find that the 
introduction of phenoxyl groups at the bay position has caused 
significant red-shift on the maximum absorption peak, which 
can be attributed to the electron donating nature of the p-tert-
butylphenoxy groups and can be explained by König’s color 
theory.51,52 It should also be noted that the cleanly resolved 
progressions of vibrational peaks observed in the absorption 
spectrum of 1a-c is nearly lost in that of 2a-c and 3a-c. The 
band broadening observed can be attributed to two reasons. One 
could be the increase of the conjugation between the 
substituents and the perylene core.53,54 Another could be the 
twisting of the PDI core by the substituent.55,56 

The fluorescence emission spectra of compound 1a, with a 
maximum at λmax = 537 nm, is a mirror image of the S0–S1 
absorption band. Identical fluorescence emission spectra with 
that of 1a have been recorded for 1b, indicating no interaction 
between POSS and PDI core in compound 1b. Small red-shift 
can be identified for the fluorescence emission maximum of 1c 
compared with that of 1a, suggesting the weak interactions 
between the phenyl bridge and PDI core in compound 1c, 
which is consistent with the results of absorption spectra. The 
Stokes shift of 1a is 12 nm, which increased to 33 nm and 35 
nm for 2a and 3a, respectively, owing to a pronounced vibronic 
progression and conformational disorder imparted by the core-
twisted chromophores.57  

Besides the absorption and emission spectra, the 
fluorescence quantum yields and fluorescence lifetimes are also 
measured for these compounds and the results are summarized 
in Table 1. The fluorescence intensity of all these compounds 
decays mono exponentially and only one fluorescence lifetime 
for each of them can be measured. The fluorescence lifetimes 
measured for 1a-c are similar with each other, same results can 
be deduced from the fluorescence lifetimes of 2a-c and 3a-c, 
indicating no extra photoinduced process within these 
molecules has been introduced by POSS. Same result is 
suggested by the similar fluorescence quantum yields of them. 
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Table 1 . UV and fluorescence spectroscopic parameters of 1a-c, 2a-c and 
3a-c in CHCl3 (5×10-6M). 

a at the absorption maximum.  b Molar absorption coefficient at the absorption 

maximum.  ε: ( 104  L.mol-1.cm-1).  c With monomeric 1a (5.0×10-6M) as 

reference (f = 1). 

Aggregation of these compounds at solid state 

The thin solid films of these compounds are prepared by casting 
a CHCl3 solution of these compounds on the surface of 
substrate and then allow the solvents to evaporate gradually at 
room temperature. Because UV-vis absorption and fluorescence 
spectra are sensitive to the interchromophore distance and 
orientation,58,59 and therefore, have been widely used to study 
the π-π stacking of organic dyes.60,61,62 Moreover, a series of 
PDI dimers and oligomers with rigid molecular structure have 
been prepared and the absorption spectra have been reported, 
41,59,63,64 which provides us good references to determine the 
packing structure of the PDI molecules in solid states by 
spectroscopy. So the packing structure of the molecules in solid 
state was first examined by the solid state absorption spectra. 
All the spectroscopic parameters of these compounds in solid 
states are summarized in Table 2 and the spectra  are shown in 
Figure 2, 3 and 4. 

 

Fig. 2 Normalized absorption spectra of thin films of 1a‐c. (1): With monomeric 

1a (5.0×10‐6M in chloroform) as reference. 

The absorption spectra of the thin solid films of 1a-c are 
shown in Figure 2. The absorption spectra of 1a in solution are 
also shown for the purpose of comparison. In the absorption 
spectra of 1a thin solid film, several absorption bands appeared 
in the region of 400-600 nm, with the maximum absorption 

happened around 500 nm. Another small absorption band with 
a relatively smaller intensity can be found at 570 nm, which red 
shifted for about 46 nm in comparison with the 0-0 transition of 
1a in solution. The blue-shifting on the maximum absorption 
band can be attributed to the “H” type (face-to-face) interaction, 
24, 65 while the red-shifted absorption band is a sign of the 
presence of “J” type aggregation (head-to-tail).57,66 These 
spectral features of 1a at solid state suggest that there are 
different relative orientations between the neighbour molecules 
of 1a, which cause different changes on the absorption spectra. 
This is understandable, because there is no substituents at the 
bay positions and bulky groups at imide nitrogen atoms, the 
molecules of 1a can approach each other from different 
directions and then cause different interactions between the 
molecules. 

In the absorption spectra of 1b thin solid films, Figure 2, 
two sharp absorption bands around 491 and 531 nm can be 
found. These two bands red-shifted slightly with respect to 
those of 1b in solution with the one at 491 nm has the largest 
intensity. Because similar spectral changes (red shift and 
intensity reverse on the 0-0 and 0-1 vibration bands) have 
previously reported for a “face-to-face” stacked PDI dimer with  
longitudinal displacement,63 we suggest that the molecules of 
1b in the solid films take similar relative orientations, i.e. 
stacking in a “face-to-face” way, but with longitudinal 
displacement between the neighbour PDI molecules. The 
absorption spectra of 1c thin solid films show a broad 
absorption band with the maximum absorption at about 499 nm, 
which blue shifted for about 34 nm compared with the 
maximum absorption of 1a in solution. This is a clear 
indication of the “face-to-face” stacked structure without large 
longitudinal displacement, i.e. “H” type aggregation.41  

By comparing the absorption spectra of 1a, 1b and 1c in 
solid states, we can conclude that there are different relative 
orientations between the molecules of 1a in the solid sates, 
which brings different spectral changes against their spectra in 
solution. This may be ascribed to either the different 
microcrystallines in the solid states of 1a, or different relative 
orientations between the neighbour molecules of 1a along 
different directions in the solid state. However, after the POSS 
are connected by a flexible linkage, the interactions between the 
molecules of 1b can be assigned to a slipped “face-to-face” 
structure with obvious longitudinal displacement. When POSS 
linked to the PDI core by rigid linkages, the molecules of 1c in 
the solid states take “face-to-face” stacked structure too, but 
without significant longitudinal displacement. 

The absorption spectra of 2a-c in solid states are shown in 
Figure 3. The absorption spectra of 2a in solid states present 
two broad and red-shifted absorption bands with respect to the 
spectra of it in solution, which indicates the formation of “face-
to-face” stacked structure with large longitudinal 
displacement.63 Based on the red-shift of the 0-0 and 0-1 
transition absorption, we suggest that the molecules of 2a in the 
solid state form “J” aggregates.63 The absorption spectra of 2b 
present also broad absorption bands, but the 0-1 vibration  band 
has the largest intensity, this means the molecules of 2b formed 

 λabs 
a/nm εb λ em/nm   τ(ns) χ2 f 

c 
1a 525 9.3 537 4.28 1.00 1 
1b 524 9.1 536 4.30 1.00 1 
1c 526 9.5 539 4.01 1.00 0.92 
2a 546 5.1 580 5.28 1.00 0.71 
2b 545 4.9 579 5.22 1.00 0.71 
2c 549 4.9 582 4.84 1.00 0.71 
3a 583 5.1 618 6.76 1.01 0.46 
3b 581 5.0 615 6.63 1.00 0.47 
3c 586 5.2 620 6.19 1.00 0.44 
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“H” aggregates in the solid states with small longitudinal 
displacement.41 The absorption spectra of 2c present two red-
shifted absorption bands, with the 0-0 transition has the largest 
absorption intensity. This is a typical absorption pattern of 
“face-to-face” stacked aggregates with large longitudinal 
displacement, i.e. “J” type aggregates.57,63,66  

 

Fig. 3 Normalized absorption spectra of thin film of 2a‐c. (1): With monomeric 2a 

(5.0×10‐6M in chloroform) as reference.  

In general, as revealed by the absorption spectra of 2a-c in 
solid states, 2a and 2c form “face-to-face” stacked structure 
with large longitudinal displacement in the solid states. Because 
the red-shift of the absorption band of 2c is smaller than that of 
2a, the interaction between the molecules of 2c in the solid 
states is weaker than that of 2a, probably because of the steric 
hindrance caused by the bulky POSS groups, 2b form “H” type 
aggregates in the solid states.  

 

Fig. 4 Normalized absorption spectra of thin film of 3a‐c. (1) With monomeric 3a 

(5.0×10‐6M in chloroform) as reference.  

The solid state absorption spectra of 3a-c are collected in 
Figure 4. PDIs with four phenoxyl groups have smaller 
tendency to from aggregates, because of the steric hindrance 
caused by the four bulky phenoxy groups at the bay 

positions.25,41,57 In solution, they can only form “J” type 
aggregates with the help of hydrogen bonding or other strong 
supramolecular driving forces.57 The solid state absorption 
spectra of 3a-c do not show large difference from that of 3a in 
solution except small red-shift on the maximum absorption 
wavelength. The maximum absorption band of 3a and 3b in 
solid state are similar. This means the introduction of POSS by 
flexible linkage does not bring large effects on the packing of 
the molecules in the solid states. The red-shift of the maximum 
absorption band of 3c is smaller than that of 3b, suggesting that 
the interactions between the molecules of 3c in the solid states 
are smaller than that of 3b and 3a, this maybe ascribe to the 
rigid linkage between POSS and PDI, which makes the 
molecules of 3c more shape-persistent and causes large steric 
hindrance between the neighbour molecules. Nevertheless, the 
red-shift on the absorption maximum suggests the formation of 
“J” type aggregates with slipped “face-to-face” stacked 
structure for these three compounds in solid states. Because of 
the steric hindrance caused by the bulky POSS at the imide 
nitrogen and phenoxyl groups at the bay positions, the 
interactions between the molecules of 3a-c in solid states are 
small.22,25  

Comparing the packing behaviours of 1a, 2a and 3a in the 
solid states as revealed by the absorption spectra, we can 
conclude that without the bay substituents, the PDI molecules 
can approach a neighbour molecule from different directions 
and thus lead to different interactions between the molecules. 
When the bay substituents are introduced, the PDI molecules 
will prefer to interact with each other from the vertical direction 
of the PDI plane and form “face-to-face” stacked structure. The 
POSS groups linked at the end of the molecules have similar 
effects to that of the bay substituents as revealed by the 
compound series 1a-c. But the effects of POSS groups on the 
packing structure of PDI molecules are complicated and 
changes in different molecules. We suggest that it is the result 
of synergetic effects of bay substituents and imide nitrogen 
substituents. 

The packing structures of these molecules in solid state are 
also investigated by single crystal X-ray diffraction 
experiments. The single crystals are grown from chloroform, 
the same solvent for the thin solid film preparation, therefore, 
the crystal structure are good references for the structures of the 
thin solid films. Because  crystals, which are suitable for single 
crystal X-ray diffraction experiments, have only been 
successfully grown for 1b, 3b and 3c, only the crystal structures 
of these three compounds are measured (for details see ESI 
Table S1), crystallographic data for the three new crystal 
structures have been deposited with the Cambridge 
Crystallographic Data Center as supplementary publication no. 
CCDC 1022045, 1021968, and 1021969. And minute 
difference in the crystal structure of 1b can be found comparing 
with the reported literature.67 It is worth note that the quality of 
the crystals is poor for all these three compounds, due to the 
presence of freely rotating groups and solvent molecules. 
Therefore, the crystal data presented in the CIF files in the 
supporting information do no meet the usual standard. However, 
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packing arrangement of PDI 3c in crystal is utterly slipped 
stack. Although PDI cores have slight π-π intermolecular 
interactions judged by the distance between the planes of PDI 
core, phenoxy groups have electronic interactions with the 
perylene diimide cores of adjacent molecules, these can have 
effect on the molecular packing. Similar to that found for 3b, 
the interaction between the adjacent molecules in the crystal of 
3c is limited between two molecules. The interaction should be 
much weak because of the large distance between the two PDI 
core. The packing structure of 3c in crystal corresponds also 
very well with that revealed by the absorption spectra. It must 
be noted that the consistency between the single crystal 
structure of 1b, 3b and 3c with the predicated packing structure 
from their absorption spectra suggests that the predicated 
packing structure for other compounds (1a, 1c, 2a-c and 3a) 
based on the absorption spectra should be also reliable. 

We have also tried to determined the structure of the thin 
solid films by low angel X-ray diffraction experiments, but no 
one of the thin solid films can give any meaningful peaks in the 
diffraction patterns, which means the thin solid films prepared 
by casting chloroform solutions on the substrate do not have 
long range order (ESI Figure S3). 

The solid state emission properties  

As mentioned in the introduction part, the introduction of 
different groups at the imide nitrogen atoms of PDI, sometimes 
leads to strong solid emissions,22 which is much favourable for 
photonics applications. The bulky POSS as well as the bay 
substituents can affect the packing structure of the PDI 
molecules in the solid films, therefore, they are expected to 
affect the fluorescence properties significantly too. 
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 Fig. 7 The normalized fluorescence spectra of thin film 1a‐c. (1) With monomeric 

1a (5.0×10‐6M in chloroform) as reference. 

The fluorescence properties of the solid films of these 
compounds are summarized in Table 2. Generally, the 
fluorescence maximums of the solid films red-shifted  
dramatically from that in solution, indicating the presence of 
strong excited state interactions between the neighbour 

molecules. Compound 3a-c present relatively smaller red-shifts 
on the fluorescence maximum in these three series of 
compounds, which can be attributed to the reduced interactions 
among neighbour molecules due to the steric hindrance caused 
by the four phenoxyl groups attached at the bay positions.   

  Figure 7 compares the fluorescence spectra of 1a-c with 
that of 1a in solution. In the fluorescence spectrum of 1a, two 
emission bands at about 630 and 700 nm can be identified. 
These fluorescence bands are roughly the mirror images of the 
absorption bands as shown in Figure 2 and can be attributed to 
the different absorptions in the absorption spectrum. The 
presence of multiple emission bands in the fluorescence 
spectrum suggests that the molecules of 1a in the solid films do 
not pack uniformly, but with different structures, which is 
consistent with the results of the absorption spectrum. The 
broad low energy emission of 1a can be assigned  to the 
“excimer-like” sates.69-71  

The maximum emission of 1b happened at about 633 nm, 
which is significantly blue shifted compared with that of 1a in 
solid sate, but red-shifted compared with that of 1a in solution. 
This is a typical emission of a slipped “face-to-face” stacked 
PDI dimer with longitudinal displacement.63 This suggests that 
the molecules of 1b in solid state stacked in a “face-to-face” 
way, but with longitudinal displacement between the nearby 
molecules, which corresponds well with the absorption spectra 
of 1b in Figure 1. The maximum emission wavelength of 1c is 
about 680 nm, which is 50 nm longer than that of 1b. Following 
the literatures,69-71 this emission can be assigned to the 
“excimer-like” states. 

Table 2  Absorption and fluorescence spectroscopic parameters of 1a-c, 2a-c 
and 3a-c thin solid films. 

 1a 1b 1c 2a 2b 2c 3a 3b 3c 

λabs 
/nm 

488 491 498 578 509 561 603 601 594 

λem 

/nm 
690 632 674 671 655 668 638 636 645 

f
*

  
[%] 

2.2 39.0 17.8 13.0 5.1 13.0 14.6 17.5 47.2 

* Absolute fluorescence quantum yields measured by integrating spheres.  

The absolute fluorescence quantum yields of these 
compounds are also measured and the results are summarized 
in Table 2. For compound series 1a-c, 1a presents the smallest 
solid sates fluorescence quantum, which is understandable 
because of the smallest groups attached and the molecules of 1a 
can approach each other without steric hindrance. 1b has the 
largest solid state fluorescence quantum yield among these 
three compounds, which is unexpected because the flexible 
linkage between the POSS groups and the PDI core would 
make the molecules of 1b more flexible and then less steric 
hindrance when two 1b molecules come close to each other. 
This will leave a short distance between the molecules of 1b 
and principally a strong interaction between the PDI molecules. 
However, the shorter wavelength emission together with the 
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absorption character of 1b suggest that it formed slipped “face-
to-face” stacked structure with longitudinal displacement in 
solid state, while 1c formed “H” type aggregates in the solid 
states without any indication of the presence of longitudinal 
displacement.63 This is the reason why the solid state 
fluorescence quantum yield of 1b is larger than that of 1c. 

The normalized fluorescence spectra of 2a-c in solid states 
are shown in ESI Figure S2 (a). All these three compounds 
show similarly broad emission band in long wavelength region 
(660-680 nm), which can be assigned to the “excimer-like” 
states,63 a typical feature of “face-to-face” stacked PDI 
molecules.63,72 Due to the packing structures of these molecules 
in solid states are different from each other, the maximum 
emission wavelengths vary from 660 nm for 2b to 680 nm for 
2a and 2c. 41,63,72  

Among these three compounds, 2b presents the smallest 
solid state fluorescence quantum yield, while the solid state 
fluorescence quantum yields of 2a and 2c are almost the same. 
Obviously, the bulky POSS group of 2b and 2c did not promote 
the solid state fluorescence quantum yields as expected. This 
can be attributed to the different packing structures of the 
molecules in solid states. 2a and 2c formed “J-type” aggregates 
as indicated by the red-shifted absorption bands,63 while 2b 
formed “H” aggregates as revealed by the blue shifted 
absorption maximum. This result tells again that the most 
important factor determining the solid state fluorescence 
quantum yields of 2a-c is the packing structure of the molecules 
in solid state.  

The solid state fluorescence spectra of 3a-c are shown in 
ESI Figure S2 (b). The fluorescence spectra of these three 
compounds in solid state are similar with each other. The 
emission peaks of these three compounds shifted to longer 
wavelength compared with that of 3a in solution, which can be 
attributed the interactions between the molecules. The absolute 
fluorescence quantum yields of 3a and 3b are similar to each 
other, which means that the POSS groups in 3b do not benefit 
the solid states fluorescence quantum yield. However, the solid 
state fluorescence quantum yield of 3c is significantly larger 
than that of 3a and 3b. As revealed by the red shift of the 
absorption bands with respect to that in solution and the crystal 
structure of these compounds, all these three compounds 
formed “J” type aggregates in solid states. But the red-shifts of 
3a and 3b are almost identical, which means the interaction 
intensity between the neighbour molecules are the same. 
However, the red-shifts of the absorption bands of 3c are 
significantly smaller than that of 3a and 3b, which means the 
intensity of the interactions between the neighbour molecules of 
3c is small, and thus the solid state fluorescence quantum yield 
of 3c is larger than that of 3a and 3b.  

By comparing the solid state fluorescence quantum yields 
of 1a, 2a and 3a, we can conclude that the bay substituents can 
improve the solid state emission properties to some extent. 
However, the effects of bay substituents on promote the solid 
state fluorescence quantum yields in other two compound series 
(1b, 2b, 3b and 1c, 2c, 3c) is not so significant. Compound 1b 
and 3c are the best two solid state emitters among these nine 

compounds. This result indicates that the introduction of bulky 
groups to a molecule will not inevitably lead to a significant 
improvement on the emission property. The crucial factor, 
which affects the solid state emission property, is the packing 
structure of the molecules in the solid state. Avoiding the 
formation of “H” type aggregates in solid states seems a 
rational strategy towards a good solid state emitter. 

Conclusions 

Three series of PDI compounds equipped with POSS groups 
via flexible or rigid linkage have been synthesized to clarify the 
synergistic effect of substituents at the bay positions and POSS 
groups at imide nitrogen on reducing the aggregation of PDI 
molecules in solid states. The POSS groups at the imide 
nitrogen bring large changes on the packing structure of the 
molecules in solid state. Based on the changes on the solid state 
absorption spectra against those in solution, the packing 
structure of the molecules in solid states are proposed and three 
of them have been verified by the crystal structure. Most of the 
molecules packed in a “face-to-face” way, but with different 
longitudinal displacement. Large longitudinal displacement 
leads to “J” type interactions between the neighbour molecules 
in solid states and large solid state fluorescence quantum yields, 
while the small longitudinal displacement causes “H” type 
interactions and small solid state fluorescence quantum yields. 
The packing structure of the molecules in solid states is the 
dominating factor to determine the solid state fluorescence 
quantum yields. The introduction of bulky groups in PDI 
molecules will not inevitably promote the solid state 
fluorescence quantum yields. 
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