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a b s t r a c t

Based on three rationally designed pyrrole-appended o-carborane derivatives, we present that fluores-

cence properties of crystalline materials are highly dependent on intermolecular interaction and steric

hinderance. Though the three molecules are similar in structure, single crystals of the three compounds

showed obvious difference in molecular stacking and fluorescence behavior. Systematic studies indicate

that fluorescence quantum yields, thermo-response as well as mechano-response are highly dependent

on intermolecular interaction and steric hindrance. In the three crystalline materials, the CB-NMe crys-

tals with weaker intermolecular interaction and looser molecular packing showed superior fluorescence

quantum yield and temperature sensitivity. Accordingly, surface temperature detection strip with favor-

able reversibility is prepared by doping CB-NMe into the polymer. In addition, the CB-NMe aggregates

can be used for monitoring bovine serum albumin (BSA) denaturation, as temperature response of the

aggregates can be reversed when co-assembled with BSA.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Study on intermolecular packing arrangement-fluorescence

property (emission wavelength, quantum yield, environmental sen-

sitivity) relationship in molecular solid-state materials has at-

tracted extensive attention during recent years, owing to the vi-

tal roles of these functional materials in sensors, organic light-

emitting diodes (OLEDs), solar cells, and etc. [1–3]. Different from

molecules in solution, molecules in solid state usually exist in their

aggregated form. Thus, luminescence behavior of molecular solid is

a comprehensive combination of molecular structure, intermolecu-

lar interaction, and molecular packing [4–6]. Aggregation caused

quenching (ACQ) and aggregation induced emission (AIE) are typi-

cal phenomenon to highlight the importance of molecular packing

in fluorescent molecular materials [7–10]. In-depth understanding

of the structure-function relationship and precise control of inter-

molecular packing as well as the resulted fluorescence behavior

through molecular design lay solid basis for achieving materials

with desired performance [11,12].

Up to now, many molecular systems have been designed for

understanding solid-state emission and great progress has been

achieved in the field [13–16]. Among these, metal complexes,
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derivatives of typically designed fluorophores are widely used and

a series of factors have been proven to be important for their solid-

state emissions. For example, emission of the dumbbell-shaped

gold(I) molecular rotors is dependent on molecular rotation and

aurophilic interactions [17]; fluorescence of perylene diimide-based

materials can be tuned by controlling the ratio of H-aggregates and

J aggregates [18]; ACQ feature of some polycyclic aromatic hydro-

carbon fluorophores can be avoided when π-π interaction is sup-

pressed [19]. Except for intermolecular interaction, steric hinder-

ance is also important for solid-state fluorescence. Introduction of

bulky substitution group can produce anthracene derivative with

interesting mechano- and vapo- response [20]. These studies re-

veal the complexity of solid-state fluorescence, indicating urgent

demand for more systematic and in-depth research in the field.

In this study, three pyrrole-substituted o-carborane derivatives

with similar molecular structure were designed for systematic

study on solid-state fluorescence from the point of intermolecu-

lar interaction and molecular packing. In the design, o-carborane

was chosen owing to its electron accepting ability and advantages

in fluorescent materials construction [21–23].

Pyrrole, N-methylpyrrole, and N-phenylpyrrole were included

as donor groups and they were linked with aryl-carborane via

C-C bonds to facilitate their intramolecular rotation [24,25]. Mean-

while, the varied N-terminal substitution from H to bulky groups,
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Scheme 1. Synthesis and structures for the o-carborane derivatives.

Fig. 1. Refined crystal structures and the representative intermolecular packing of

CB-NH (a), CB-NMe (b) and CB-NPh (c). (d) Energy differences between the aggre-

gated molecules and the corresponding monomers.

methyl (CH3) or phenyl (Ph), would lay foundation for study on

both intermolecular interactions and steric hinderance when the

molecules aggregate to form crystalline materials. Single crystals

of the three compounds were obtained for both structure and

fluorescence study; theoretical calculations were done to quan-

tify the strength of intermolecular interaction in the three crys-

tals. What’s more, application of the materials in surface tem-

perature indication and protein denaturization were successfully

performed.

Synthesis routes of the three compounds are shown in

Scheme 1 [24,26,27]. Crystals of the three compounds were ob-

tained by slow evaporation of the compounds in mixture of

dichloromethane and n-hexane (v/v = 5:1). Structure of the com-

pounds and the corresponding crystals were characterized by
1H NMR, 13C NMR, ESI-MS and X-ray diffractometry (CCDC Nos.

2100344, 2100347 and 2100348).

The X-ray crystallographic results show that the crystals of

CB-NH and CB-NMe are monoclinic, while the crystal of CB-Ph

(Figs. 1a-c) is triclinic. Intermolecular interaction in the crystals

was studied to reveal the substitution effect. Similar to the re-

ported work [28], different types of intermolecular interactions

were observed in the three crystals (Fig. 1 and Fig. S1 in Support-

ing information): N-H···π and C-H···π interactions were observed

in CB-NH crystal; C-H···π interaction in CB-NMe crystal; π ···π in-

teraction in CB-NPh crystal. To further quantify the intermolecu-

lar interaction, energies of each molecule and the corresponding

dimer were optimized at the level of M06-2X/6-31G(d,p) based on

the X-ray crystal structures (Fig. 1d). Each dimer owned lower en-

ergy compared to the monomers. Formation of the dimer led to

0.265, 0.174 and 0.433 eV reductions in energy for CB-NH, CB-

NMe and CB-NPh respectively, demonstrating the influence of N-

terminal substitution on molecular packing.

Based on the structure study, photophysical behaviors of the

three compounds were studied. UV-vis spectra were recorded (Figs.

S2–S5 in Supporting information). The three compounds showed

similar absorption around 230 and 311 nm, which should be at-

tributed to π-π ∗ transitions and charge transfer transitions [29].

In the experiment, we found that the three crystals were highly

fluorescent, while the solutions were nonfluorescent, suggesting

AIE characteristic of the compounds. Fluorescence emission spec-

tra of the crystals are shown in Fig. 2a. It can be seen that the

three crystals showed similar feature in both emission and exci-

tation spectrum. In accordance with the theoretical calculations

(Fig. S6 in Supporting information) and UV-vis studies (Fig. S5), the

three crystals showed fluorescence of charge transfer characteristic

with large stocks shifts of ∼250 nm. AIE responses of the com-

pounds were studied by measuring fluorescence emission spec-

trum of the compound in the mixture of tetrahydrofuran (THF) and

water (Fig. 2b). Each system showed turn on fluorescence when

volume fraction of water exceeded 80% (Fig. 2c). Fluorescence life-

time and absolute fluorescence quantum yields (QY) of the three

crystals were also measured (Fig. 2d). The CB-NMe crystal showed

the highest QY of 63.4% with a lowest lifetime of 4.62 ns.

Fluorescence of solid materials is highly dependent on the

motion and configuration, thus we tried to investigate the re-

sponses of the fluorescent crystals to heating and mechani-

cal grinding. Both the three crystals and aggregated dispersions

showed decreased fluorescence intensity upon temperature in-

creasing (Fig. 3a, Figs. S7–S9 in Supporting information), which

suggests the increased non-radiative passway as a result of ac-

tivated molecular movement. Further inspection of the response

dynamics reveals that the three crystals had different quench-

ing efficiency upon heating. Fluorescence of the CB-NPh crystal

only decreased 30.0% when the temperature was increased from

25 °C to 115 °C. Nevertheless, the CB-NMe crystal showed the

highest quenching efficiency (55.4%) and best linear relationship

(R2 = 0.9992) between fluorescence intensity and temperature

(Fig. 3b). Meanwhile, fluorescence lifetime of the CB-NMe crystal

gradually decreased from 4.62 ns to 2.82 ns during the heating

process (Fig. 3c).

It was also interesting to find that the CB-NPh crystal exhib-

ited opposite fluorescence response to mechanical griding in com-

parison to CB-NH or CB-NMe crystal (Fig. S10 in Supporting infor-

mation). The CB-NH crystal and CB-NMe crystal showed red-shifts

(15 and 12 nm) after griding, while the CB-NPh exhibited a blue

shift (14 nm). UV-vis absorption spectra were also recorded to un-

derstand the aggregation behavior (Fig. S11 in Supporting informa-

tion). The absorption spectra of CB-NH and CB-NMe were broad-

ened and red-shifted after griding, while the CB-NPh showed nar-

rowed and blue-shifted absorption. The results indicated that the

CB-NH or CB-NMe molecules were less loosely packed in the crys-

tals than in the grounded powders, while the CB-NPh is different

owing to larger steric hinderance of the phenyl group [30].

The results from photophysical behavior study consolidate the

significant influence of N-terminal substitution. Reasons from two

aspects can be used to explain the difference in fluorescence re-

sponses to heating and grinding: intermolecular interaction and

steric hindrance. Referring to the theoretical calculations in Fig. 1d

and the effect of steric hinderance (Ph > Me > H), it is easy to

understand the fluorescence behavior of the three crystals. The

highest quantum yield and superior temperature response of the

CB-NMe crystal could be resulted from the weakly constrained

molecules, where nonradiative pathway aroused from tight inter-

molecular overlapping can be reduced [18].
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Fig. 2. (a) Normalized fluorescence excitation (dashed) and emission (solid) spectra of the crystals. Inset: fluorescence image of the crystals. (b) Fluorescence emission spectra

of CB-NH, CB-NMe and CB-NPh in THF/H2O mixtures. (c) Fluorescence intensity of CB-NH, CB-NMe and CB-NPh suspension as a function of water fraction. (d) Photophysical

properties of the molecules.

Fig. 3. (a) Fluorescence emission spectra of the crystals at varied temperatures. (b) Fluorescence intensity of each crystal as a function of temperature. (c) Fluorescence

lifetime of the CB-NMe crystal under different temperatures.

Based on the understanding, applications of the fluorescent ma-

terials were explored using CB-NMe. For reliable and user-friendly

surface temperature monitoring strip, CB-NMe was dopped into

thermoplastic polymer styrene-ethylene/butylene-styrene (SEBS).

At ambient temperature, the polymer was transparent, but it

was highly fluorescent under UV light (Fig. 4a). Similar to CB-

NMe crystal, fluorescence of the polymer gradually decreased

upon temperature increasing. There is good linear relationship

(R2 = 0.9976) between fluorescence intensity of the strip and tem-

perature (Fig. 4b). Little response fade was found after 5 cycles,

indicating favorable reusability. Meanwhile, the change can be vi-

sualized (Fig. 4c), especially when the temperature rose to 55 °C.
A color card was made by extracting the RGB values of the flu-

orescence images under different temperatures. Therefore, surface

temperature of a targeted object can be visualized. For practical

test, surface temperature of computer host and refrigerator were

estimated. Comparing with the color card, the highest surface tem-

perature of the refrigerator (side position near the motor) and

computer host could be in the range of 40∼55 °C and 55∼70 °C,
respectively. The results went well with the thermal effect of

central process unit (CPU) and compressor during their smooth

running.

In addition, CB-NMe can be used to monitor protein denatur-

ization when co-assembled with BSA, which is usually used as car-

rier protein because of its favorable hydrophobic pocket [31]. The

emission spectra of aggregated CB-NMe molecules showed gradual

shift to shorter wavelength upon the increasing of BSA concentra-

tion (Figs. S12 and S13 in Supporting information). Fluorescence in-

tensity of the CB-NMe aggregates exhibited an increase of almost 4

times with a blue shift of 44 nm upon the introducing of BSA into

the system, inferring the interaction between the aggregated CB-

NMe and BSA (Fig. 4d). Temperature response of the CB-NMe/BSA

system was also inspected (Fig. 4e and Fig. S14 in Supporting infor-

mation). It was interesting to find that temperature response of the
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Fig. 4. (a) Fluorescence spectra of the strip under different temperatures. Inset: The strip under sunlight and 365 nm UV light. (b) Fluorescence intensity of the strip as a

function of temperature. Inset: Reversible response of the strip in temperature sensing. (c) Fluorescence images of the strip at different temperatures and the application. (d)

Fluorescence spectra of CB-NMe aggregates with/without BSA. Inset: Normalized fluorescence spectra and the fluorescence images of the solution. (e) Fluorescence intensity

of CB-NMe/BSA as a function of temperature and the corresponding fluorescence images. (f) Proposed interaction between CB-NMe aggregates and BSA.

CB-NMe/BSA system was totally different from the CB-NMe aggre-

gates. It can be noticed that the temperature response range (55–

75 °C) of the system matched well with the denaturization tem-

perature of BSA [32], which not only consolidate the interaction

between CB-NMe aggregates and BSA but also indicates the abil-

ity of the CB-NMe in protein denaturization monitoring. To eluci-

date the interaction between CB-NMe aggregates and BSA, dynamic

light scattering (DLS) was used (Fig. S15 in Supporting informa-

tion). The DLS results showed that introduction of BSA resulted in

decrease in hydrodynamic diameter of CB-NMe aggregates, espe-

cially when the mixture was heated. Based on the result, a plausi-

ble mechanism is proposed to understand the interaction between

CB-NMe aggregates and BSA (Fig. 4f). Smaller CB-NMe aggregates

with enhanced and blue shifted emission were formed owing to

the interaction between CB-NMe aggregates and BSA. Upon the

denaturization of BSA, hydrophobic pockets were exposed, which

promoted the interaction between CB-NMe and BSA, therefore, the

CB-NMe/BSA aggregates became smaller and much more fluores-

cent.

In conclusion, three o-carborane derivatives were typically de-

signed for systematic study on structure-fluorescence relationship

in crystalline materials. Variation in pyrrole groups endows the

three compounds different intermolecular interaction and steric

hinderance in their corresponding crystalline materials. Combined

with single crystal diffraction results, photophysical properties of

the three molecular materials have been comprehensively stud-

ied, including AIE behavior, thermal response, and mechanical re-

sponse. Based on the study, it can be concluded that stronger inter-

molecular interaction could result in lower fluorescence quantum

yield in solid state materials, even though for AIEgens. Because of

its favorable thermal response, CB-NMe was dopped into SEBS to

make a temperature sensing strip for fast and reversible visualiza-

tion of surface temperature. What’s more, temperature response of

CB-NMe aggregates could be dramatically changed when BSA was

introduced, which offers a reliable way for monitoring BSA dena-

turization.
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