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Abstract 
 
Excited anthracene is well-known to photodimerize in solution and not to exhibit excimer 

emission.  In this report we outline a strategy by which the excited state behavior of this 

exemplar molecule can be reversed in aqueous solution at room temperature.  Anthracene forms 

two types of supramolecular hots-guest complexes (1:2 and 2:2, G:H) with the synthetic host 

octa acid in an aqueous medium.  Excitation of the 2:2 complex results in intense excimer 

emission, a phenomenon thus far unknown.  Furthermore, time resolved emission experiments 

revealed the excimer emission maximum to be time dependent.  This observation is unique and 

not in line with the textbook examples of monomer-excimer emissions of aromatics in solution.  

Presence of at least one intermediate between the monomer and the excimer is inferred from 

time-resolved area normalized emission spectra.  Potential energy curves calculated for ground 

and excited states of anthracene via QM/MM-TDDFT method supports the model proposed 

based on experimental observations.  Results presented here on the excited state behavior of a 

well investigated aromatic molecule anthracene establish that the behavior of a molecule is likely 

to drastically change under confinement.  Analogy with biological systems is obvious.    

Page 1 of 36

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 2 

Introduction 

Anthracene (AN) and pyrene (PY) occupy a special place in the history of the 

photochemistry1-2 and photophysics3-4 of aromatic molecules.  The concepts that currently 

prevail concerning the excited state chemistry of aromatic molecules could be traced back to 

these two molecules serving as exemplars in the development of concepts related to excimers 

and photodimerizations.1-2, 5-7  AN is well-known, even a century ago, to photodimerize with a 

limiting quantum yield of one in solution at room temperature.1-2  On the other hand, PY does 

not dimerize under any conditions.  However, it shows an emission in addition to fluorescence 

and phosphorescence in solution at room temperature even at 10-4 M.3  The intense concentration 

and temperature dependent emission of PY with a lifetime of 90 ns8 initially recorded by Forster 

and Kasper is currently known to originate from excimer (excited state dimer).  In contrast, AN 

that photodimerizes from excited singlet state mainly fluoresce and phosphoresce in solution.3  

Recognizing the anomaly between AN and PY, Chandross devised an ingenious method by 

which excimer emission from anthracene could be recorded at 77 °K in an organic glass.9-11  He 

generated sandwich dimers (two AN molecules placed side by side with long and short axis 

parallel to each other) via photolytic decomposition of dianthracene (dimer of AN; Scheme 1), 

which upon excitation gave intense broad emission red shifted with respect to fluorescence.  This 

was attributed to excimer and found to have a long lifetime (~ 185–225 ns).12-15 Following this, 

Ferguson showed that excimer emission could be recorded in crystalline state as well as in KBr 

matrix by following the above procedure.16-19 As expected, the excitation spectrum corresponded 

to the absorption spectrum of AN monomer.  While the sandwich dimer showed intense excimer 

emission at 77 K, upon warming the matrix the excimer emission disappeared and the dimer 

dianthracene was formed with near unit quantum yield at room temperature.20  The above 

observations made it clear that excimer is an intermediate en-route to photodimer.  It is clear that 

to record excimer emission from AN two criteria need to be fulfilled: (a) two molecules of 

anthracene should be brought closer with some free space around them so that they could explore 

various orientations,21 (b) the barrier for dimerization should be increased by the surroundings 

and (c) temperature of irradiation should be controlled so that the required energy is not available 

to overcome the barrier by the excimer to proceed to dimer.  In this context supramolecular 

encapsulation can be as effective as low temperature and hard matrix.5, 22  Supramolecular hosts 

such as micelles and cavitands can increase the local concentration as well as offer barriers for 
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molecular transformations.  Following the initial report of Forster and Selinger on 2-methyl 

naphthalene and PY in micelles,23 the literature is replete with examples where excimer emission 

is reported at low concentrations in micelles and cyclodextrins.24-31  However, as far we are 

aware, excimer emission from AN has not been achieved within supramolecular assemblies in 

solution at any temperatures.    

 

 

 

Scheme 1. Structures of host OA, guest anthracene and the dianthracene from which anthracene 

sandwich dimer is generated.  

 

Having recorded excimer emission from PY in solution at room temperature and knowing 

the location and shape of the excimer emission spectrum of AN from the work of Chandross and 

Ferguson, several workers searched for AN excimer emission in solution at room temperature.32-

35  Results have been mixed.  An early report suggested the formation of AN excimer (lmax: 520 

nm) in glycerol solution at room temperature during triplet-triplet annihilation.32  Next two 

studies were unable to detect emission but suggested the presence of excimer in solution through 

its transient absorption in the IR region (half-life of 3 ns) and singlet-singlet quenching by 

rhodamine B (lifetime: 1.5 ns).33-34  In a later study a full spectrum recorded at 0.2 M AN in 
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 4 

chloroform at 305 K showed both structured (350-470 nm) and broad emissions (480-600 nm).35  

The latter with a lifetime of 1.45±0.22 ns was attributed to excimer.  A different group by 

measuring the rise time of the broad emission (710 ± 30 ps) supported the claim that the weak 

broad emission is indeed due to excimer.36  Finally, liquid AN, formed by melting crystalline 

AN, was found to show excimer emission with a lifetime of 0.2 ns and rise time of 100 ps.37  

Based on above studies one can conclude that AN excimer emission in solution is very weak (if 

at all), has a short lifetime (< 2 ns, compare with lifetime at 77 K  > 200 ns) and recording it is 

not trivial.  This is quite different from what happens at low temperature when the pre-prepared 

sandwich dimer of AN is excited.  The contrast suggested to us that if we could confine two 

molecules of anthracene in a small space and close the pathway to dimerization by 

supramolecular steric features of the host, we should be able to record the excimer emission at 

room temperature in solution.   

In this report, we present our results on excimer emission from AN in aqueous solution at 

room temperature with the help of octa acid cavitand (OA, Scheme 1) that encapsulates two 

molecules of AN by forming a capsular assembly (2:2 host-guest complex).38-39  The capsule not 

only enhances the local concentration but also increases the barrier for dimer formation.  The 

comprehensive undertaking includes host-guest complexation studies by NMR, molecular 

dynamics simulation of the host-guest structure, ultrafast time resolved experiments to follow the 

dynamics in the excited state and quantum chemical calculations that map the excited state 

surface from monomer to excimer.  Given the history of attempts to record anthracene excimer 

emission in solution, our ability to routinely record excimer emission at 10-5 M of AN in water is 

remarkable and display the future potential of this method in recording emission from non-

emissive excimers in solution.40  Results discussed below make a valuable addition to our 

fundamental understanding of the excited state dynamics of an exemplar molecule AN in a 

confined space. 

 

Experimental 

Materials: The host octa acid was synthesized following the published procedure.38  

Anthracene (Sigma-Aldrich) was recrystallized from ethanol before use.  Deuterated anthracene 
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 5 

from MSD Isotopes was used as received.  Deuterated water from Sigma-Aldrich was used as 

received. Sodium borate buffer from Sigma was used as received. Spectroscopic grade solvents 

were used for absorption and emission studies. Double distilled water was used throughout the 

study. 

NMR studies: A D2O solution (600 µL) of host OA (1 mM OA in 10 mM Na2B4O7) was 

taken in a NMR tube and was added 0.1 equivalent increment of AN (1.0 µL of a 60 mM 

solution in DMSO-d6). The 1H NMR experiments were carried out after sonicating the NMR 

tube for 15 min after each addition. Titration experiment was repeated with per deuterated AN in 

order to identify the guest resonances.  1H NMR spectra were recorded using Bruker 500 MHz 

NMR spectrometer at 25 0C in deuterated water under aerated conditions. 

Steady-state and time-resolved emission studies: UV−visible absorption spectra were 

recorded in UV-2450, Shimadzu, Japan and all the fluorescence spectra were recorded in 

Fluoromax-4, Jobin-Yvon, USA. AN stock solution (1 mM) was prepared in spectrophotometric 

grade methanol. Appropriate amount of AN stock was added to sodium borate buffer solution so 

that the concentration of anthracene become 5 µM. To this solution, 0.2 equivalent increments of 

OA (2 µL of 1 mM OA in 10 mM sodium borate buffer) was added until 2.0 equivalent to 

observe AN2@OA2 excimer formation. To this solution, further addition of OA continued until 

10.0 equivalent to observe AN@OA2 monomer formation. The emission spectra were recorded 

by exciting at 350 nm. Time-resolved fluorescence were collected using a commercial time 

correlated single photon counting setup (Life Spec II, Edinburgh Instruments, UK) under magic 

angle condition. All samples were excited at 375 nm pulsed diode laser source, and the full width 

at the half-maxima of the instrument response function (IRF) is 120 ps. The fluorescence 

transients were analyzed by deconvoluting with the IRF and fitted with a sum of two 

exponentials for the present study.  

Femtosecond transient absorption study: The time resolved data were acquired on a 

commercial femtosecond transient absorption spectroscopy setup (FemtoFrame-II, IB Photonics, 

Bulgaria). The details of the setup are described earlier41  and only a brief overview is presented 

here. The fundamental 800 nm light was obtained from a Ti-Sapphire regenerative amplifier 

(Spitfire Pro XP, Spectra-Physics, USA) pumped by a 20-W Q-switched Nd:YLF laser 

(Empower, Spectra-Physics, USA) and seeded with a Ti-Sapphire femtosecond oscillator 
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 6 

(MaiTai SP, Spectra-Physics, USA). The fundamental light thus obtained was divided into two 

parts. One part was passed through a β-barium borate (BBO) crystal to generate the 400 nm light, 

which was used as pump pulse. The other part of the beam was passed through a delay stage, 

having a maximum delay time of 2 ns, and focused on a sapphire crystal to generate the white 

light continuum, which was used as the probe light. After passing through the sample the probe 

light was dispersed in polychromator and detected using a CCD. For all experiments the power 

of the pump light was kept ~10 µW. The pulse width of the fundamental light was 80 fs and the 

instrument response function was measured to be 150 fs. The kinetics at a particular wavelength 

was fitted with sum of two exponential functions after deconvoluting the Gaussian shaped 

instrument response function with 150 fs FWHM. 

Computational Details: Molecular dynamics (MD) simulations were performed using the 

following multi-step strategy. In the first step, a three-dimensional structure of OA was taken 

from our previous work42 and optimized using the Gaussian 09 program.43 The initial structure of 

anthracene was built using the Gaussview program and optimized without any geometrical 

constraints at the B3LYP44/6-31g(d)45 level utilizing the Gaussian 09 program. Antechamber, an 

inbuilt tool in Amber, was used to calculate RESP charges and for making topology files of all 

molecules.46 Autodock Vina 1.5.6 software was used to perform molecular docking that provided 

initial binding poses of anthracene on OA.47 In this procedure, the grid size was chosen to cover 

the entire OA and spacing was kept to 1.00 Å, which is a standard value for Autodock Vina. The 

all-atom MD simulations of the OA-anthracene complexes were performed using the 

GROMACS48 program utilizing the AMBER0349 force field. The starting structures were placed 

in a cubic box of dimensions (60 × 60 × 60 Å3) filled with TIP3P water molecules.50 Some of the 

water molecules were replaced with the Na+ ions to neutralize the system. Energy minimizations 

of the OA-anthracene complexes were performed for 3000 steps by the steepest descent method 

that resulted in the formation of the starting structures for the subsequent 100 ns all-atom MD 

simulations in an aqueous solution. The simulations were carried out with a constant number of 

particles (N), pressure (P), and temperature (T) i.e. NPT ensemble. The bond lengths and angles 

of the water molecules were constrained by the SETTLE51 algorithm and the LINCS52 algorithm 

was used to constrain the bond lengths of the OA. Particle-Mesh Ewald (PME) method was used 

to calculate the long-range electrostatic interactions. A MD trajectory was computed for each 

model with a time step of 2 fs. Cluster analysis was performed to derive the most representative 
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 7 

structure of a particular trajectory. Yasara53 and Chimera54 programs were used for visualization 

and the preparation of the structural diagrams presented in this study.  

Considering the large size of the system (432 atoms for the AN2@OA2 complex), we 

employed a mixed QM/MM [Warshel et al. 1976] approach to explore the mechanism of 

excimer formation. The quantum mechanical (QM) calculations used density-functional theory 

(DFT) for ground and time-dependent DFT (TDDFT) for excited states as implemented in the 

NWChem code.55 The Anthracene molecules were modeled in the QM region using the CAM-

B3LYP functional56 along with the BJ-damped57  Grimme’s D3 dispersion58 and a 6-31G(d,p) 

basis set. The OA cage was treated with Molecular Mechanics using the AMBER0348 force field. 

For the purposes of the electronic structure calculations, a charge neutral version of the OA was 

used by saturating all the carboxylate ends with H atoms and relaxing H atom positions keeping 

the rest of the molecule fixed in the MD averaged geometry. 

The total QM/MM energy of the system was calculated as EQM/MM =EQM+EMM+EQM-MM, 

where EQM is the Quantum mechanical energy of the QM part, EMM is the energy for the MM 

region at the force field level, EQM-MM is the interaction energy between the QM and MM part. 

QM/MM TD-DFT was performed to calculate the excitation energies at various points.  We 

carried out QM/MM optimization of the complex by constraining the geometry of the MM part 

to an average structure obtained from the MD simulations and only allowing the QM part to 

move. Potential energy curves (PEC) were calculated by rigidly displacing the confined AN 

molecules in opposite directions along the perpendicular to their planes (a), short-axis (b) and 

long-axis (c), respectively, starting from their optimized positions. Binding energies for the 

anthracene dimer for different displacements in the OA cage were computed as 

𝐸"#$%#$& = 𝐸()*+,-.(QM/MM)− 𝐸56(MM) − 2	𝐸69(QM) 

where Ecomplex (QM/MM) is defined above, EOA(MM) is the classical energy of the OA cage and 

EAN(QM) is the DFT energy of the gas-phase optimized AN molecule. The PEC plots discussed 

below use the binding energy of the optimized complex as a reference.   

 

Results and Discussion 
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 8 

The current study focused on establishing the feasibility of recording excimer emission 

from anthracene at room temperature includes monitoring host-guest complexation by NMR 

spectroscopy, time resolved experiments to observe the dynamics of excimer formation, quantum 

chemical calculations to map out the excited state potential energy surface between monomer 

and excimer and molecular dynamics (MD) simulations to get an insight into the structure of the 

complex.  AN although not water soluble gave a clear solution in presence of host OA.  Under 

this condition inclusion of AN within OA was confirmed by the changes in the signals of both 

OA and AN hydrogens in the 1H NMR spectrum.40   

Host-Guest Complexation–NMR studies:  NMR titration spectra resulting from the 

addition of AN to the host OA in borate buffer are shown in Figure 1.  Due to AN’s insolubility 

in water reverse titration by addition of OA to AN could not be carried out.  Figure 1(i) and (v) 

display the signals due to OA and 2:2 complex, respectively.  As can be seen, the signals due to 

both OA and AN are significantly altered in Figure 1(v).  Most important is the presence of 

signals of AN at d ~ 2.95, 3.5, 5.65, 5.9 and 6.3 ppm (marked in the spectra as # 1-5).  Such a 

remarkable upfield shift from > d 7 ppm in CDCl3 to d between 2.95 and 6.3 in borate buffer due 

to diamagnetic shielding of the OA cavity is an indication of inclusion of AN within OA.59-60  

The above upfield shifted signals are indeed due to AN hydrogens was confirmed by including 

perdeuterated AN as the guest.  As seen in Figure 1(vi) while the OA signals remained, that due 

to AN hydrogens were not seen.  Upon carefully examining the spectra displayed in Figure 1 (ii) 

to (v) one can conclude that AN forms a stable 1:1 stoichiometric complex with OA in presence 

of one equivalent of OA.  Further addition of AN does not result in any changes to the spectra 

displayed in Figure 1(v) suggesting that the complex present in Figure 1(v) does not undergo 

further changes.  However, at early stages of addition wherein excess OA is present with respect 

to AN, signals due to 1:2 complex (guest to host) are visible.  For example, in Figure 1(ii) while 

the OA signals are significantly altered indicating the complex formation, the five signals due to 

AN (1:1 complex) are not seen.  However, three upfield shifted signals could be identified 

between d 4.5 and 7.2 ppm (marked in circles).  These we interpret to be due to 1:2 complex 

(emission spectra discussed later provide a clear evidence in favor of this). In Figure 1(iii), upon 

further addition of AN to the solution mentioned in Figure 1(ii), in addition to the above 

indicated three signals, five signals due to 1:1 complex appeared.  Addition of more AN to 

Figure 1(iii) results in spectra shown in Figure 1(v) in which only the five signals due to AN are 
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 9 

present.  In this the three signals due to 1:2 complex were replaced by signals due to 1:1 

complex.  We interpret this series of changes in spectra in Figure 1 to the formation of 1:2 (guest 

to host) complex at early stages of addition of AN to OA (excess OA with respect to AN) and to 

its transformation to stable 1:1 complex when the solution contains equal amounts of OA and 

AN are present.  Thus, based on 1H NMR titration spectra we conclude: (a) AN is readily 

included within OA in borate buffer solution to yield a transparent solution. (b) Addition of AN 

to OA initially results in 1:2 guest to host complex and depending on the amount of AN present 

1:2 and 1:1 complexes exist in equilibrium.  (c) Even when more than one equivalent of AN is 

present 1:1 stoichiometric complex alone is present in solution.  A point to note is that 1:1 

stoichiometric complex also means 2:2 host-guest complex. We believe, based on emission 

spectra discussed below the main complex present in solution is 2:2.40, 59  But 1:1 and 2:2 

complexes represent different types of host to guest complex structures.  The former is an open 

cavitandplex while the latter is a fully closed capsuleplex.  Structures of various possible 

complexes are provided as Supporting Information (Figure S1).   
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 10 

 

Figure 1. 1H NMR spectra of AN in octa acid.  (i) OA (1 mM in 10 mM buffered D2O), (ii) OA : 

AN 10:2, (iii) OA : AN 10:6, (iv) OA : AN-d10 10:6, (v) OA : AN 10:10 and (vi) OA : AN-d10 

10:10. (1-5 denotes the AN protons oriented inside OA as 2:2 complex as shown above, red stars 

denote OA protons of 2:1 complex and blue circles denote the AN protons of 2:1 complex.   

 

Based on the 1:1 stoichiometry inferred from 1-D NMR spectra three different structures 

for AN@OA complex could be visualized, 1:1 cavitandplex, 2:2 capsuleplex where two AN 

molecules are placed directly one above the other (symmetrical sandwich structure) and 2:2 
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capsuleplex where the two AN molecules are placed one above the other but slightly slipped 

along the long axis (slipped sandwich structure, Figure S1).  The cavitandplex where half of the 

AN framework is exposed to water is eliminated based on peak assignments using COSY 

spectra.  In cavitandplex three upfield shifted signals and two with no shift would be expected.  

The fact that all five signals are upfield shifted rules out the 1:1 cavitandplex structure.  Between 

the two possible 2:2 capsuleplex structures (symmetrical and slipped sandwich), presence of five 

signals in NMR favors the slipped one.  Symmetrical sandwich structure would give rise to an 

NMR spectrum with only three signals.  Slipped sandwich structure is also consistent with the 

NOESY correlations.  

Host-Guest Complexation–Molecular Modeling: To confirm the proposed structure 

molecular dynamics (MD) simulations were performed as per the procedure outlined in the 

experimental section and the results are shown in Figure 2a.  Based on NMR spectra and MD 

simulations we conclude that two molecules of AN are held within OA in a slipped sandwich 

arrangement.  Most likely such an arrangement is favored by p-p stacking between two AN 

molecules (distance 3.26 Å; Figure 2b).  Inclusion of AN within OA is probably facilitated by 

p-p interaction between AN molecule and aromatic walls of the capsule (3.5 Å) and 

hydrophobic effect due to aqueous exterior.  Perusal of Figure 2a also reveals the lack of free 

space around the AN molecules.  This arrangement hints at the lack of free space around the two 

AN molecules for any type of reaction.  Such a congested arrangement would forbid the 

photodimerization within the closed capsule.  In fact, attempts to include the synthetic dimer 

dianthracene, the product of photodimerization, within OA were not successful.  Another point to 

note is that the proposed slipped sandwich structure is not the ideal geometry for excimer 

formation.  Formation of excimer as in organic glass or crystal at 77° K would require the two 

AN molecules to move a total of ~ 1.9 Å along the long axis and closer to attain a symmetrical 

sandwich arrangement in the excited state.   
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(a) 

               

 

(b) 

 

 

Figure 2. Molecular dynamics (MD) equilibrated structure of the AN2@OA2 complex in space-

filling and wire modes.  The distance between two AN within the capsule is 3.26 Å.  Distance 

between AN and OA wall is 3.5 Å.  Two AN molecules are slipped along the c axis by 1.9 Å.  
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Host-guest complexation followed by emission spectroscopy:  Having inferred from NMR 

and molecular dynamics calculations that AN forms 2:2 complex with OA, and having realized 

that titration by addition of OA to AN in buffer could not be carried out due to solubility 

problems to unequivocally identify the presence of 1:2 or any other complex by NMR, we 

performed the titration at much lower concentration and followed the complexation by emission 

of AN.  In Figure 3 the emission spectra of AN upon slow addition of OA (from 0.5 to 50 µM) to 

a solution of AN (5 µM) in borate buffer are displayed.  We believe the initial spectrum 

resembling that of the monomer is due to AN aggregates.  Upon slow addition of OA, the 

intensity of the above fluorescence decreased while at the same time a broad emission with a 

maximum at 520 nm appeared and intensified (follow the red spectra in Figure 3a) and reached a 

maximum at 5 µM (1:1 equivalent).  At this stage most emission is broad and resembled the 

sandwich dimer (excimer) emission at 77 K reported by Chandross and others.9-11, 17-19, 61-62  

Further addition of OA did not lead to total elimination of monomer emission but resulted in 

decrease of the broad emission and increase of monomer fluorescence (follow the green spectra 

in Figure 3b).  Upon addition of 10 equivalents of OA the excimer emission disappeared leaving 

only the monomer emission.  An immediate question arose, whether the final monomer emission 

(green in Figure 3b) and the one we started with (black in Figure 3a) are same or different.  Close 

examination of the emission peaks revealed the two are not identical.  The excitation spectra of 

the two were also different (see below for discussion and Figure 4).  The observed emission in 

presence of excess OA is similar to AN emission in benzene (for absorption and emission spectra 

in solvents see Figures S2–S5).  Considering the internal polarity of OA capsule is similar to that 

of benzene, similarity between the emission within OA and in benzene is not surprising.60  

Apparently when excess OA is present, each AN molecule seeks out a capsule and forms a 1:2 

complex.  When OA is in short supply a single capsule accommodates two AN molecules.  

Based on the above titration experiments we believe buffer solutions containing mainly 

AN@OA2 and AN2@OA2 could be prepared by controlling the amount of OA in solution.  The 

dependence of the nature of the complex on OA concentration cautions one to avoid using more 

than an equivalent of OA to observe the AN excimer emission.  One of the most important 

observations relates to the ability to record excimer emission from AN at room temperature in 

solution.   
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Figure 3. (a) Formation of AN2@OA2 complex (red) from bulk AN monomer (black) followed 

by (b) formation of AN@OA2 complex (green) upon addition of excess octa acid. Concentration 

range: ([An] = 5 x 10-6 M ; [OA] = 0 to 5 x 10-5 M )  

 

Careful perusal of Figure 3 revealed that the monomer emission of AN could not be 

completely eliminated at any concentration of OA. Although contribution of the monomer 

emission could be reduced, it could not be eliminated.  This gave rise to an important question: 

Whether the AN molecule present in 2:2 complex is responsible for the monomer emissions seen 

in Figure 3?  To answer this question two samples that show both monomer and excimer 

emissions were prepared.  Interestingly, a small variation in the OA concentration resulted in 

change of the nature of the minor emission as seen by its maximum, 420 vs 410 nm in Figure 

4(a).  In Figure 4(b) the excitation spectra for emissions from aggregates as well as from 

AN@OA2 and AN2@OA2 complexes are included.  Perusal of these reveals that the excimer 

excitation spectrum is distinctly different from those of the emissions from 1:2 complex and AN 

in water.  Also, none of the excitation spectra of the monomer emissions resemble that of the 

excimer.  This rules out the possibility that capsules containing two molecules of AN being 

responsible for the monomer emissions with either 410 or 420 nm maxima.  Further they suggest 

that excitation of AN2@OA2 capsules results mainly in excimer emission.  For expanded 

absorption, excitation and emission spectra of AN@OA2 and AN2@OA2 complexes see Figures 

S6–S12 in supporting information.   
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Figure 4. (a) Emission spectra of AN incubated in OA when AN:OA is slightly less than 1:1 

(blue solid line) and AN:OA is slightly greater than 1:1 (red solid line). (b) Comparison of the 

excitation spectra of free AN in bulk, AN@OA2, monomeric and excimer emission for samples 

described in a.  

 

Having established a procedure to generate AN excimer in solution at room temperature 

we were curious to compare its lifetime with the early reports that claimed to have recoded the 

excimer emission in solution at room temperature.  Fluorescence transients of AN in 
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cyclohexane, AN@OA2 and AN2@OA2 are shown in Figure S13.  Lifetimes extracted from these 

decays are tabulated in Table 1.  The long lifetime of 235 ns for emission with 520 nm maximum 

is closer to the values reported for sandwich dimers at 77 K (>200 ns)12, 14-15, 20 and far away 

from the value reported for very weakly emissive excimer in solution at room temperature (<2 

ns).33-35  The long lifetime suggests that the excimer experiences significant constraint within the 

capsule as in crystals and glassy matrix at 77 K.   

 
Table 1. The average lifetime of anthracene in bulk and in 1:2 & 2:2 complexes in aqueous 

buffer medium. 

 

Species Wavelength (nm) 𝝉𝒂𝒗𝒈  (ns) 
AN in cyclohexane 410 4.0 
AN@OA2 410 3.6 

AN2@OA2 
410 5.9 
520 235 

 

Time-resolved emission experiments:  Usually the excimer formation in isotropic solution 

medium is controlled by diffusion.  In this respect, our system is quite unique like the sandwich 

dimer pre-prepared in crystals and organic glass at 77 K.  Two monomers of AN being held 

together in close proximity inside the OA cavity nullifies the need for the two molecules to 

diffuse towards each other.  This arrangement is ideal to investigate the dynamics of excimer 

formation excluding the first step of diffusion.  Based on the structure shown in Figure 2a we 

realized that at least two distinct motions are required to attain the favorable geometry for 

excimer formation.  The two AN molecules must move closer (a-axis in Figure 2b) and slip 

along both b and c-axes to be fully on top of each other to attain total p-p overlap.  Time-

resolved experiments were performed to gain insight into the nature of movements the AN*–AN 

pair within the confined space of OA to reach the above geometry.   
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We recorded time-resolved emission throughout the whole range of the broad band 

emission of AN2@OA2.  Presence of a delay in the excimer emission build up (Figure 5a) 

confirms that only one of the two AN is excited and it reaches out for another ground state AN to 

form the excimer.  This is also consistent with the excitation spectrum of the excimer (Figure 4), 

which has most of the features of the monomer absorption.  As seen in Figure 5b, immediately 

upon excitation only monomer type emission dominates (violet and greenish blue lines) and with 

time excimer emission builds up.  This is consistent with the conventional monomer-excimer 

buildup often displayed in textbooks.  The most unusual feature of the time resolved spectra 

shown in Figure 5b is the maximum of broad excimer emission shifting with time.  Such a 

behavior is not known in solution during excimer formation of any aromatic molecules.  This we 

believe is an indication of the difference in excited state surface connecting monomer to excimer 

within a confined space and isotropic solution.  To examine this further we analyzed mainly the 

excimer emission.  The 400-420 nm region has been excluded from the analysis as contribution 

for this emission also comes from 1:2 complex (Figure 4 and Figure S12). Construction of time-

resolved emission spectra (TRES) reveals gradual shift of emission spectra from 458 nm to 520 

nm with time (Figure 5c).  One important point to note is that the time zero spectra (458 nm) is 

much red shifted and broad compared to the monomeric emission in bulk and 1:2 complex (410 

nm maximum).  The broadness suggests that the emission must involve two molecules 

interacting with one another.  If it is due to a single molecule one would expect it to be 

structured.  Perhaps the very short distance between the two monomers trapped inside the cage is 

the reason behind this observation.  Appearance of excimers with different emission maxima 

suggests that excited state surface must not be steep, and the motion must be slow.  Apparently, 

the radiative transition is able to compete with forward motion towards the stable excimer 

structure.  Surprisingly the peak frequency vs time plot (Figure 5d) reveals that the shift of 

emission is not monotonous. This unusual behavior of variation of peak frequency with time 

suggests that the total relaxation process may involve multiple steps.   
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Figure 5. (a) Fluorescence transients of AN2@OA2 complex upon exciting at 375 nm. 

Multiexponential fitted lines to the transients are displayed in black. Note: the fluorescence 

transient at 520 nm has a rise component. (b) Representative time resolved emission spectra, 

TRES, (purple: 0 ns; cyan: 0.5 ns; green: 3 ns; red: 20 ns) constructed from the fitting parameters 

of fluorescent transients at different wavelength along the steady state emission spectra (390-560 

nm). (c) Some representative TRES in the excimer region (purple circles: 0 ns; cyan squares: 1.8 

ns; green triangles: 5 ns; red diamonds: 70 ns) fitted to lognormal function (solid black lines). In 

this case we have excluded the wavelength region 390-420 nm which is mainly contributed by 

AN@OA2 and free AN in bulk. (d) Variation of emission peak-frequency with time.  

To probe this likelihood, time-resolved area normalized emission spectra (TRANES) 

were generated (Figure 6).63-65  Two isoemissive points could be identified in the TRANES at 

two different wavelengths at two different time window (see Figures 6a and c).  This is a clear 
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indication of a two-step process involving three states.  From t = 0 to 0.1 ns, the first isoemissive 

point appeared at 448 nm.  The second isoemissive point at 487 nm is observed in the t = 0.3 ns 

to 16 ns time window. In order to determine the rate constant of the first step we plotted the ratio 

of the intensity of the peak at t = 0 ns to the intensity of the peak at t = 0.1 ns with time.  From its 

exponential fitting we found the rate constant of the first step to be 17.40 ns-1 (Figure 6b).  A 

similar approach was taken to determine the rate constant of the second step. Exponential fit to 

the intensity ratio against time plot gave the rate constant as 0.377 ns-1 (Figure 7d), which is 

indeed a much slower process compared to step 1.  Based on the above observations a model 

shown in Figure 7 is proposed.  In this model, AN* soon after it is formed interacts with the 

close-by AN and both molecules together start their journey from ‘M’ to ‘O’ via ‘N’.  A possible 

barrier from ‘N’ to ‘O’ is indicated in the Figure.  In conclusion, encapsulation of two 

monomeric AN inside OA cavity nullifies the effect of diffusion in the excimer formation 

dynamics which enables us to look into the molecular dynamics prior to the excimer formation. 

We have found that the process of excimer formation is a two-step one. The first step being a 

barrierless one is a much faster with rate constant 17.4 ns-1. Whereas the second step has a 

potential barrier hand hence a much slower step with rate constant 0.377 ns-1.   
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Figure 6. (a and c) TRANES showing the isoemissive point at different wavenumber at different 

time. Two different isoemissive point indicates the overall process of energy relaxation occurs 

through two different steps. (b and d) Time evolution of the ratio of the intensity of the initial 

state and the final state for each of these two steps. They were fitted exponentially. Fitted line is 

given in black.  

 

Page 20 of 36

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 21 

 

 

Figure 7. Kinetic model based on the result of TRES and the theoretically calculated PES.   

 

To check the presence of energy barrier as per the model shown in Figure 7, we recorded 

emission spectra of AN2@OA2 from 278 to 343 K.  The excimer emission gradually decreased 

with increase in temperature (see SI for details).  This is not consistent with the above model.  

Furthermore, in solution, where the monomer–excimer equilibrium is established, the 

temperature dependence of excimer shows a bimodal dependence.66-69   In one region the 

excimer emission increases and in the other it deceases with temperature.  In this study, the 

stability of AN2@OA2 also depends on the temperature.  Thus, we realized that temperature 

dependent excimer emission would not be useful in verifying the model.  This prompted us to 

obtain an insight into the temperature effect on excimer formation by quantum chemical 

calculations.  By this approach we mapped out the excited state surface connecting monomer and 

excimer results which are discussed in the next section. 

The above model as well as the delay in the excimer emission (Figure 5a) suggest that 

AN* has a transient existence before interacting with the adjacent ground state AN.  If this is true 

it should be possible to quench it with an external quencher such as MV2+ before the start of the 

excimer emission.   In Figure 8(c) steady state emission spectra of AN in 2:2 complex in 

presence of methylviologen2+ (MV2+) are displayed.  Weak monomer and strong excimer 

emissions are seen.  Upon incremental addition of MV2+ the intensities of both emissions (410 
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nm and 520 nm) decreased indicating quenching by MV2+ (see Figure 8(c)).  On the other hand, 

decay of the monomer and excimer emissions are not significantly influenced by MV2+ (Figure 

8(a) & (b)).   The Stern-Volmer plots shown in Figure 8(d) suggest that the quenching is static in 

origin.  In order to probe the origin of the quenching we recorded the transient absorption spectra 

of the AN@OA2 and AN2@OA2 separately following the addition of MV2+.   In the TA spectra 

for both the cases (Figure 9(a) & (c)), we observe a positive signal developing around 615 nm, 

which is a well-known indication of the formation of methyl viologen radical cation (MV•+) as a 

product of photoinduced electron transfer (PET) reaction.41  Time constant of formation of MV•+ 

is the rise component obtained from fitting of the kinetics at 615 nm and gives the actual rate 

constant of PET. These rate constants of PET for AN@OA2 and AN2@OA2 are measured as 

0.196 and 0.187 ps–1, respectively, which are nearly the same.  The high rate constant reported 

here is consistent with our recent studies on electron transfer between OA encapsulated 

aromatics and viologens present outside the capsule.70  In the case of AN2@OA2, the much 

higher rate constant of PET compared to that one associated with the excimer formation 

dynamics stated earlier (2.65 ns) suggests that electron transfer takes place at the very early 

stages of the excimer formation process and the two AN do not get the chance to relax to the 

most stable excimeric conformation before the quenching process.  To our knowledge this has 

not been recognized previously. The similarity in the rate constants of PET for AN@OA2 and 

AN2@OA2 also suggests that at the time scale as small as ⁓5 ps it is possible that the emission 

from the FC state of AN2@OA2 may have much more similarity to the monomeric emission of 

AN@OA2 than we estimated from the time-resolved studies in the earlier sections as time-

resolved studies at ps-resolution is beyond the scope of our experimentation in case of such a 

slow process like excmier formation.    
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Figure 8.  (a) Fluorescence transients recorded at (a) 410 nm, (b) 520 nm and (c) steady state 

fluorescence spectra of An2@OA2 recorded with increasing concentration of MV2+. (d) Stern-

Volmer quenching plot between An2@OA2 and MV2+. ([AN] = 25 µM and [MV2+] = 0 – 80 µM) 
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Figure 9. Transient absorption spectra (a & c) at some selected time delays (black: 0 ps; purple: 

0.5 ps; blue: 1 ps; cyan: 5 ps; green: 20 ps; orange: 400 ps; red: 1000 ps) and fitted kinetics at 

615 nm (b & d) for AN@OA2 and AN2@OA2, respectively, in presence of MV2+. ([AN] = 100 

µM and [MV2+] = 10 mM) 

 

Quantum mechanical model for excited state dynamics:  The DFT optimized ground state 

(S0) structure of the complex is similar to the equilibrated structure obtained in the MD 

simulations (see Figure 2). The two AN molecules are in a slip-stacked configuration with a 

distance a= 3.544 Å between their parallel planes and having relative displacements of b=1.003 

Å and c=2.089 Å along the short and long axes, respectively. The molecules are oriented at 18 

degrees to the axis of the OA cavity. Compared to the gas phase optimized structure (see Table 
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S1), the confined dimer is significantly more slipped along c. In order to understand the 

mechanism of excimer formation, we explored the ground and excited potential energy curves 

(PEC) of the two AN molecules in the OA cavity along the a, b and c coordinates (see Figure 

2(b) for axis notations). In particular, the first three singlet excited states (S1, S2 and S3) were 

tracked in the PEC along with the ground state (S0). The results are plotted in Figure 10. Unlike 

in the gas phase (see Figure S15), the PECs for the slip displacements (b and c) in the confined 

AN dimer are unsymmetrical about the sandwich-like arrangement. The S1 PEC along c exhibits 

a minimum at 2.33 Å (Dc = 0.19 Å in Figure 10 (a)) corresponding to a naphthalene-like (NL) 

excimer,71 where the molecules are p -p stacked through only two of three benzene rings from 

each AN. Instead, the anthracene-like (AL) excimer with all three rings p -p stacked is not stable 

in the OA cage, although it is the deeper minimum in the gas-phase (see Figure S15).  Inside the 

cage, a minimum corresponding to the AL excimer appears on S1 around Dc = -1.43 Å  (i.e. 

c=0.66 Å) but is higher in energy by 0.18 eV than the NL excimer (see Figure S16). 

Throughout most of the PEC S2 has a much higher oscillator strength than S1, though 

both have nearly similar energies, especially in the Franck-Condon region. Therefore, the 

absorption at 376 nm seen in experiments, is most likely due to an excitation to S2. The 

theoretically predicted excitation energy to S2 of 363 nm in good agreement with the experiment. 

An estimate of the gradients along the three coordinates considered indicates that the motion on 

the S2 surface will be predominantly along a and c coordinates. This is also evident from the 

PEC plots in Figure 10. The PEC along c features an avoided crossing between S1 and S2 (S1/S2), 

appearing at Dc » -0.65 Å, signaling the possibility of surface crossing during dynamics in the 

excited state. Therefore, we propose that after the vertical excitation to S2, the system will be 

driven, along both a and c axes, towards the S1/S2 region where it will most likely cross to S1 and 

be stabilized as the NL excimer. Excimer emission wavelengths can be estimated by computing 

the S0 to S1 vertical energies at a geometry with the minimized a, b and c distances extracted 

from the PEC. Since the S1 energy does not change much about the minimized b value (0.47 Å) 

we assumed that b=0 Å in the excimer geometry. PEC along a and c were recomputed with this 

constraint to extract the relevant minima. The minimum along a occurs at 3.38 Å while there are 

two minima along c located at c=2.35 Å and c=0.66 Å corresponding to the NL and AL 

excimers, respectively (see Figure S16). From these we estimate an emission wavelength of 
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490.8 nm for the NL excimer and 539.1 nm for the AL excimer.  It is possible that the AL 

excimer slowly converts to the NL excimer, over a barrier of 0.19 eV, subsequently resulting in 

the experimentally observed broad fluorescence centered at 520 nm.  

 

 

 

Figure 10. Potential energy curves for the confined anthracene dimer depicting the complex 

binding energies as a function of the displacement along (a) the c-coordinate (long axis) with the 

locations of the anthracene-like (AL) and naphthalene-like (NL) excimer minima marked, (b) the 

a-coordinate (inter-planar separation), and (c) the b-coordinate (short axis). A description of 

these directions is giving in Figure 2(b). The energies and the displacements are plotted relative 

to their respective values in the optimized structure (a= 3.544 Å, b=1.003 Å and c=2.089 Å).  

 

Conclusions  

 Although numerous substituted anthracenes are well-established to show excimer 

emission, the parent unsubstituted anthracene generally do not show excimer emission in 

solution.  In the 60’s considerable effort was spent on understanding this anomalous behavior 
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resulting in the development of an ingenious method involving photolytic decomposition of 

dianthracene in organic glass at 77° K.  This approach enabled excimer emission from AN to be 

recorded at 77° K.  However, recording excimer emission from AN at room temperature in 

solution continues to be challenging even now.  In this report we have outlined a method that 

allows recording intense emission from AN excimer at room temperature in aqueous solution. 

The confined environment provided by a synthetic organic capsule (OA) enhances the 

photophysical pathway (excimer emission) at the expense of photochemical reaction pathway, 

namely dimerization.  The simple elegant strategy outlined here should be a valuable tool to 

record excimer emission from reluctant guest molecules. 

Host-guest complexation as followed by NMR experiments suggested that AN forms two 

types of OA complexes, 1:2 and 2:2 (guest to host). The ratio of these complexes could be 

controlled by careful manipulation of the relative concentrations of OA and AN in solution.  

Excitation and absorption spectra of monomer and excimer emissions reveal that the AN 

molecule present in 2:2 complex shows mainly excimer emission.  One of the novel observations 

relates to the time dependent emission maxima of the excimer.  In solution, excimer emission has 

a single maximum indicating the monomer to excimer in the excited surface is a steep descent.  

Interestingly, time resolved emission studies has uncovered a unique feature thus far unknown 

with respect to excimer emission in solution.  The time dependent AN excimer emission maxima 

suggest that the potential energy surface leading from excited monomer to excimer is not steep 

and the pathway within the OA capsule is tortuous.  Time-resolved area normalized emission 

spectra reveal the path to be bumpy with at least two peaks in between.  Computational and 

quantum chemical calculations suggest that due to the restricted space within OA capsule the two 

AN molecules are not ideally placed in the ground state for excimer formation.  The calculated 

potential energy curves are consistent with the experimental observations.  The results presented 

here supports the conclusion that molecules when confined behave differently.70, 72-74   
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