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A dynamic intramolecular charge-transfer (CT) complex was 

designed that displayed reversible colour changes in the solid-

state when treated with different organic solvents.  The origins of 

the dichromatism were shown to be due to solvent-inclusion, 

which induced changes in the relative orientations of the donor 

pyrene and acceptor naphthalenediimide units. 

Aromatic CT complexes1 have found applications in host-guest 

complexes,2, 3 supramolecular assemblies,4,5,6 self-healing7,8,9 

and responsive materials,10,11,12 and organic electronics.13,14  

Interestingly, aromatic CT interactions have not been as widely 

utilized in sensing applications, which is probably due to their 

low extinction coefficients and/or low association 

constants.15,16,17  However, CT interactions have a number of 

unique characteristics that are advantageous for sensing, 

molecular switches, and dynamic supramolecular systems.  

First, CT complexes typically absorb in the visible region of the 

UV-vis spectrum, and thus CT sensors can be monitored by the 

naked-eye.  Second, the colours of CT complexes are highly 

sensitive to the electronic properties of the donor and 

acceptor units18 and to the relative geometry of the donor and 

acceptor units.19,20,21  Thus, binding effects that induce changes 

in the CT complex geometry can be easily monitored by 

variations in their colours.15,16,17,22,23 

The goal of this study was to develop a responsive 

colorimetric system based on an intramolecular CT interaction.  

Unlike the majority of CT sensors,24 CT molecule 1 contains 

both the donor and acceptor units.  The two pyrene (PYR) 

donor units are linked to a central 1,4,5,8-naphthalenedimide 

(NDI) acceptor unit (Fig 1a) forming a sandwich-type 2:1 

aromatic stacking complex.  Thus, the guest .molecule does 

not need to contain a donor or acceptor unit, which greatly 

expands the number of potential guests and the general utility 

of this design.  The sensing mechanism is the guest-induced 

changes in geometry of the intramolecular CT interaction, 

which could be monitored by changes in colour of the CT 

complex. 

 
Fig. 1 (a) Molecular CT platform 1 highlighting the intramolecular donor-acceptor-

donor sandwich complex; and (b) a schematic representation of the solvation-

desolvation induced complexation change in colour and geometry in 1 

The CT molecule 1 was readily prepared in three steps 

from commercially available 1-pyreneacetic acid, 2-amino-4-

tert-amylphenol, and 1,4,5,8-naphthalenedianhydride (Scheme 

1).25  The two PYR donor units were connected to the central 

NDI acceptor unit via two short but flexible linkers, which 

ensured the formation of the intramolecular aromatic stacking 

complex but also allowed sufficient conformational freedom to 

allow the donor and acceptor units to adopt different 

geometries.  The 5-atom linker (-C=C-O-C-C) was designed 

based on a similar 5-atom linker that was previously used to 

form a similar sandwich aromatic stacking complex around a 

NDI core.26  Since 1 did not contain recognition groups that 

form strong directional interactions, the guest-induced 

colorimetric properties of 1 were initially studied in the solid-

state where the confined condensed-phase environment could 
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allow guest molecules to sterically influence the relative 

geometry of the donor and acceptor units.  Thus, the 2:1 PYR 

to NDI stoichiometry of the sandwich complex26, 27  was 

important to ensure that both surfaces of the NDI would be 

occupied and could not form additional interactions with 

adjacent molecules of 1.28 

Scheme 1. Synthesis of the molecular CT model 1 and control 2.  

 

The ability of 1 to form an intramolecular CT complex was 

first confirmed in solution by the observation of the distinctive 

CT band in the visible region of the absorption spectrum.  The 

λmax at 505 nm was consistent with previous reports of PYR-

NDI CT complexes.3,6,9,11,29,30,31  The effectiveness of the linker 

in forming and maintaining the intramolecular PYR-NDI 

complexation was also demonstrated by comparison with an 

intermolecular PYR-NDI complex formed between pyrene and 

control 2, a structural analogue containing the same 

symmetrically substituted NDI core but lacking of the two 

pyrene donor groups.  The intermolecular 2•pyrene complex 

displayed a similar CT band (λmax at 510 nm) but only at higher 

concentrations (> 10 mM). 

Next, the observation of different coloured solid samples 

of 1 upon treatment with different solvents provided the first 

indications that the geometry and colour of the intramolecular 

CT complex in 1 were sensitive to solvent inclusion. When 1 

was precipitated from dichloromethane, a purple solid was 

obtained, which was similar to the colour of 1 in solution.  

However, when 1 was precipitated from acetone, a distinctly 

different orange coloured solid was obtained.  The purple and 

orange solids of 1 were further characterized by diffuse 

reflectance UV-vis spectroscopy (Fig 2).  The purple solid of 1 

showed a well-resolved CT absorption band with a λmax at 530 

nm.  In comparison, the orange solid of 1 showed a similar but 

blue-shifted CT band with a λmax at 500 nm.  By comparison, 

control 2, which only contained an NDI unit showed no CT 

band in the visible region of the diffuse reflectance UV-vis 

spectrum. 
1H NMR and HRMS analysis confirmed that both the purple 

and orange solids contained pure samples of 1.  The only 

differences were that the purple solid was a solvate of 1 

containing two equivalents of dichloromethane; whereas, the 

orange solid was a non-solvate of 1.  Thermogravimetric 

analysis (TGA) of the purple solid further confirmed the 

presence of two CH2Cl2 molecules.  A clear weight loss of 

13%was observed when the purple solid was heated to 180 °C, 

which was consistent with the loss of two equivalents of 

CH2Cl2.  After heating in the TGA, the purple solid became red-

orange.32  In contrast, the orange solid showed no observable 

weight loss on heating in the TGA to 200 °C.  Interestingly, the 

purple CH2Cl2-solvate of 1 was stable as the stoichiometry and 

coloration did not change after a month at room temperature 

as monitored by 1H NMR and UV-vis spectrometry. 

 
Fig 2. Normalized diffuse reflectance UV-vis spectra of the purple CH2Cl2-solvate solid of 

1 (purple line), the orange non-solvate solid of 1 (orange line), and the white solid of 

control 2 (dotted black line). 

The purple and orange solids of 1 could be easily and 

repeatedly interconverted by precipitation from the 

appropriate solvent.  First, the purple CH2Cl2-solvate could be 

readily regenerated from the orange non-solvate by 

precipitation from dichloromethane (Fig 3a). Conversely, the 

orange non-solvate solid of 1 could be regenerated from 

purple 1 by precipitation from acetone.  Acetone is a poor 

solvent for 1 and efficiently extracts any included solvent from 

solid samples of 1. The ease with which 1 can uptake or lose 

included solvent molecules was demonstrated by simply 

wetting samples of 1 with a minimum amount of the CH2Cl2 or 

acetone, which yielded the corresponding colour change for 

the CH2Cl2 solvate or non-solvate forms, respectively (Fig S5).33 

 
Fig. 3 (a) The reversible colour switching of solid 1 between purple CH2Cl2-solvate 

and orange non-solvate solid forms by precipitation from dichloromethane and 

acetone, respectively. (b) The CH2Cl2-solvate (left) and non-solvate (right) crystals 

of 1, highlighting the distinct difference in colour. 
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To test the hypothesis that the different coloured solid 

forms of 1 were due to variations in the orientation of the PYR 

donor and NDI acceptor units in the intramolecular CT 

complex, X-ray quality single crystals of 1 from CH2Cl2 and 

acetone were obtained and analysed by X-ray crystallography 

(Fig 3b). Dark purple plate crystals were obtained from CH2Cl2 

containing two equivalents of CH2Cl2 per 1 molecule.  

Conversely, orange thin plate crystals were obtained from 

acetone, which do not contain any trapped solvent 

molecules.34 The colours of the crystals formed from each 

solvent were similar to the purple and orange solids formed in 

the earlier precipitation studies in the same two solvents.  This 

suggested that the single crystals were the same structural 

forms as the coloured precipitated solids, which was 

confirmed in the matching XRD patterns for the precipitated 

solids with the simulated XRD patterns from the X-ray crystal 

structures (Fig S6).  

Despite the differences in colour and solvation, the 

structures of the sandwich CT complexes in the purple and 

orange crystals of 1 were surprisingly similar (Fig 4). The folded 

conformations of 1 in both structures adopted the desired 

sandwich complex with the PYR donor units forming 

centrosymmetric aromatic stacking interactions on both faces 

of the central NDI unit (Fig 4).  The PYR-center to NDI-plane 

distances (3.5 and 3.6 Å) for the solvate and non-solvate 

structures were very similar and were consistent with an 

intramolecular aromatic stacking interaction. 

 
Fig 4. Side views of the X-ray structures of (a) the dark purple 1•(CH2Cl2)2 and (b) 

the orange non-solvate 1 crystals. Insets are top views of the PYR and NDI 

surfaces (with linkers, frameworks, and bottom PYR surface omitted for viewing 

clarity).  The pyrene surfaces in both crystals were disordered and only the major 

conformers (76% and 72%) are shown. 

To help identify the geometric variations that lead to the 

dramatic differences in colour of the solids, additional four 

crystal structures of 1 containing different solvent molecules 

(CH2Cl2/CH3CN, CH3NO2, EtNO2, and dioxane) were obtained 

and analysed.  In each case, the solvate structure displayed a 

similar centrosymmetric aromatic stacking complex in 1 with 

two included solvent molecules. These solvate crystals were all 

purple or purple-red in contrast with the orange colour of non-

solvate crystal of 1.  This confirmed that the solvent molecules 

themselves were not participating directly in the CT complex 

as the solvents varied widely in their atomic and electronic 

structures and yet all of the solvates of 1 had a similar purple 

colour.  The only consistent difference between the solvate 

and non-solvate was in the orientation of the PYR and NDI 

surfaces as defined by the dihedral angle (θ) between the long 

axes of the two surfaces (Fig 4).35  The purple solvate crystals 

consistently had θ angles greater than 50° (57°, 53°, 64-66°,36 

and 52°) and the orange non-solvate had θ values less than 50° 

(33 and 42°).37  This same structural parameter (θ) has recently 

been identified by a recent computational study by Lin to help 

explain the orientations of PYR and NDI units in previous 

reported CT crystal structures.38 

The computational study by Lin predicted that θ angles 

from 50° to 75° would be the most thermodynamically stable 

for aromatic stacked PYR and NDI surfaces due to more 

favourable attractive electrostatic interactions.38  This 

prediction is consistent with the observed geometries of the 

crystal structures of the 1 solvates.  In the presence of included 

solvent, the PYR and NDI units of 1 have sufficient room and 

freedom to adopt the more stable stacking geometries (θ > 

50°).  The solvent molecules are able to fill the voids created 

by the more perpendicular X-shaped arrangement of the PYR 

and NDI units (Fig 1b).  In contrast, in the absence of included 

solvent molecules, the PYR and NDI units adopt a more 

compact and aligned geometry (θ < 50°) to avoid forming 

voids.  Thus the packing forces in the non-solvate structure 

prevent the PYR and NDI units from adopting the more stable 

X-shaped geometry. 

In conclusion, we have developed an intramolecular CT 

molecule 1 which can reversibly change colour from purple to 

orange in the presence and absence of solvent in the solid-

state.  The colour switching abilities were attributed to 

solvent-induced changes in the intramolecular stacking 

geometry.  The presence of solvent in the crystalline matrix 

allows the PYR and NDI units to form the more stable purple 

CT complex.  In the absence of included solvent molecules, the 

PYR and NDI units are forced into a less stable orange CT 

complex.  What is striking from the comparison of the crystal 

structures of 1 is how sensitive the CT band is to these subtle 

variations in the PYR-NDI dihedral angles.  Small variations in θ 

angles (~10°) are readily observable by the naked-eye from the 

different colours of the resulting solids.  Rathore and Kochi 

have previously shown that the intensity of the CT band and 

transition energies are highly sensitive to very small 

differences in the distances between aromatic donor and 

acceptor units.21  However, we have not come across a similar 

example demonstrating the sensitivity of the CT band to the 

orientations (angles) of the aromatic donor and acceptor units.  

This sensitivity could form the basis for a new type of 

intramolecular CT sensor, which can be read out by the naked-

eye or inexpensive visible spectrometers.  Further studies on 

the impact of the donor-acceptor orientation on the CT 

transition energy are currently underway in our laboratories. 

This work was supported by SC EPSCoR GEAR:CRP grant. 

We are grateful to members of the zur Loye group for their 

help on the UV-vis spectroscopic measurements and images. 
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