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Progressive Acylation of Pyrene Engineers Solid State 

Packing and Colour via C-HH-C, C-HO and - 

Interactions† 

Shinaj K. Rajagopal, Abbey M. Philip, Kalaivanan Nagarajan and Mahesh 

Hariharan
* 

Quantum theory of atoms in molecules and Hirshfeld surface 

analyses indicated increase in the extent of i) C–HH–C; ii) 

C–HO, iii) π–π interactions and decrease in the extent of i) 

–π interaction, ii) interplanar angle between the vicinal 

pyrene units in a series of acetylpyrene derivatives offering 

blue-green-orange emissive crystals.  

Molecular crystal engineering1 of polyaromatic hydrocarbons to 

yield 1–2D lamellar arrangement demonstrated pivotal role in 

photonic2 and semiconductor device applications.3 Extended orbital 

overlap through π–columnar stacks compared to herringbone 

arrangement of arenes is proven to be vital.4 Recent efforts in 

transforming herringbone to columnar arrangement of arenes 

through various methods such as chemical modifications,5 co-6 and 

solvent-crystallization,7 heat-mode,8 mechanical stimulation9 and 

solid seeding10 validate to be effective. Achieving diverse degree of 

orbital overlap between the neighboring units in the crystalline state 

is still a challenging task. Monitoring the effect of subtle orientation 

differences and thereby the orbital overlap between the neighboring 

units in arenes is even more challenging. Extent of orbital overlap 

through π–π interactions between the vicinal arenes could be 

reflected in the optical properties of the crystals.11 Extremely high 

sensitivity of pyrene fluorescence towards environmental effects can 

amplify the consequence of orientation factor/orbital overlap 

between the adjacent units.12  

 Our ongoing interest to regulate the arene-arene interactions in 

fluorescent crystals,13 vesicular gels14 and thin films prompted us to 

explore the correlation between optical properties vs. peripheral 

substitution of pyrene. We employ simple and convenient Friedel–

Crafts reaction, invented 137 years ago,15 to increase the number of 

carbonyl groups in pyrene. Carbonyl conjugated arenes in solution 

exhibit diverse excited state processes16 depending on adjacent 

functionality such as i) low fluorescent (f < 0.002) aryl 

aldehydes/ketones dominated by intersystem crossing (ISC); ii) 

moderate fluorescent secondary/tertiary carboxamides17 dominated 

by internal conversion and iii) high fluorescent aryl acids/esters18 

dominated by radiative process. Extremely low f in solution 

hampered the efforts to explore the optical properties of aryl 

ketones/aldehydes in the crystalline state though plethora of pyrene 

derivatives is explored for optoelectronic applications.19  

 Furthermore, heteropolar C–HH–C interactions are rarely 

found as an integral force in organic crystals when compared to C–

HO,20 C–Hπ,21 homopolar C–HH–C22 interactions etc. 

Heteropolar C–HH–C interactions could arise from 

dipolar/quadrupolar nature of sp2 C–H bond that could induce dipole 

on the vicinal sp3 C–H unit. Highly electronegative 

substituents/groups adjacent, either geminal or vicinal, to sp2 C–H 

unit may polarize the bond allowing extended interactions.23 We 

herein report for the first time a systematic control on the 

organization of adjacent pyrene units through the progressive 

addition of acetyl groups that transforms sandwich herringbone 

structure of pyrene to columnar arrangement in tri/tetraacetylpyrene. 

Distinct packing arrangement, through C–HH–C, C–HO and π–

π interactions, in acetylpyrene derivatives offer diverse solid-state 

colouring and fluorescent properties.  

 Adding stoichiometric quantity of acetyl chloride to a solution of 

pyrene and AlCl3 in carbon disulfide (CS2) at ambient temperature 

rendered the desired acetyl derivatives (1–4AP) with moderate 

yields (Scheme 1, Row I).24 Compounds (1, 2, 2’, 2”, 3AP) were 

crystallized by varying acetone:hexane composition, whereas 4AP 

was obtained by temperature gradient cooling in chloroform. Acetyl 

derivatives (1, 2’, 2”, 3, 4AP) yield solvent free monoclinic crystal 

system except for 2AP that exhibits solvent free orthorhombic 

crystal system (Scheme 1, Row II; Table S1, Electronic 

Supplementary Information (ESI†)). Differential scanning 

calorimetric (DSC) analysis of 1-acetylpyrene (1AP) exhibited a 

sharp melting transition (Tm) at 90.4°C (Fig. S1a, ESI†). A 

significant decrease (ca. 63°C) in the Tm of 1AP when compared to 

the Tm of model compound pyrene (P)25 is indicative of attenuation 

in the ordered arrangement of the crystalline 1AP. However, further 

increase in the number of acetyl groups in the pyrene core resulted in 

a near-linear increase (Fig. S1b, ESI†) in the Tm having a maximum 

of 295.6°C as in symmetric 4AP derivative. Similar trend was 

observed for the change in enthalpy during melting process for 1–

4AP (Fig. S1c and Table S2, ESI†).  

 Qualitative analyses of the single crystal X-ray structure of 1–

4AP indicate intra- and intermolecular distances between methyl and 
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Scheme 1 Row I: Molecular structure of 1–4AP; Row II: 

corresponding single crystal X-ray structure. Photographic image of 

the crystals Row III: in daylight; and Row IV: under UV 

illumination. X-ray structure of P is taken from the literature.26  

aryl hydrogens in the range of 2.098–2.4 Å (Table S3-S4, ESI†). 

Distances appearing at less than the double of van der Waal’s radius 

of hydrogen atom (2.4 Å) could indicate the existence of dihydrogen 

(HH) bonding.27 Quantum theory of atoms in molecules analyses28 

(QTAIM) of the crystalline 1–4AP offered no characteristics 

supporting the intramolecular dihydrogen interactions at distances 

less than 2.4 Å. Intermolecular C–HH–C interactions in crystalline 

2, 3 and 4AP (Fig. S2, ESI†) are exemplified through the values of 

electron density at the (3,–1) bond critical point (BCP; b(r)), its 

Laplacian (2b(r)), the interaction distance (d) as indicated in Table 

1 (also see Table S4, ESI†), a bond and virial path in the potential 

energy density map. A closed-shell intermolecular C–HH–C 

interaction possessing considerable bond path between a pair of 

similar hydrogens (CH3) is seen in 2AP (Fig. S2a, ESI†). Non polar 

C–HH–C interaction evaluated accumulation of electron density, 

b(r), 0.036 eÅ-3 and the positive value of the Laplacian at the BCP 

(0.52 eÅ-5), to form extended chain-like C–HH–C contacts along 

the b-axis in 2AP. Derivatives 1, 2’ and 2’’AP lack intermolecular 

C–HH–C interaction as confirmed through QTAIM calculations.  
 Similar electronegativity differences between involved sp3 C–H 

bonds could only arise from electrically neutral hydrogens in the 

vicinity. Influence of adjacent carbonyl group may impart repulsive 

C–HH–C interactions from first order electrostatic contribution. 

C–HH–C contacts could be due to second-order mutual pol- 

arization of distorted charge clouds of the C–H bonds due to vicinal 

carbonyl group. Carbonyl group adjacent to the interacting sp3 

methyl groups could make the C–H bonds both polarizable and 

polarizing with respect to each other, as observed for B–H bonds.29 

3AP exhibits (CH3) HH (aryl) interactions whereas 4AP shows 

bond path for (CH3) HH (CH3) and (CH3) HH (aryl) interactions 

(Fig. S2b-c, ESI†). QTAIM calculations also confirmed the 

existence of C–HO and C–HC interactions in the derivatives 2–

4AP, apart from the C–HH–C contacts (Table S4, ESI†).  
 Hirshfeld surface analyses30 of 1–4AP (Fig. 1 and Table S5, 

ESI†) exhibit systematic trends in the weak interactions with 

increase in number of substituted acetyl groups per pyrene unit as 

the following i) decrease in the CH contacts that corresponds to σ-

 (edge-to-face) interactions; ii) increase in the CC contacts that 

corresponds to - (face-to-face) interactions; iii) increase in the 

OH contacts that corresponds to C–HO interactions; iv) increase 

in the HH contacts that corresponds to dihydrogen interactions and 

v) increase in the OC contacts that corresponds to dipolar 

interactions between the carbonyl groups. Concurrence of such weak 

intermolecular interaction dictates the molecular packing that results 

Table 1. Calculated topological properties of the electron density for 

the intermolecular interaction in 2–4AP.  

 C–HH–C   

contacts 

ad, 

(Å) 

bb(r), 

(eÅ-3) 

cb(r), 

(eÅ-5) 

dDE, 

(kJmol-1) 

2AP H18cH’18c 2.230 0.036 0.520 3.46 

3AP H20cH’8 

H20cH’9 

2.246 

2.579* 

0.041 

0.019 

0.471 

0.249 

4.29 

1.87 

4AP H’18cH”22c 

H’4H18a 

H’5H18c 

2.239 

2.394 

2.577* 

0.040 

0.034 

0.023 

0.514 

0.450 

0.300 

4.32 

3.50 

2.29 
ad=distance, bb(r)=electron density at the BCP, c2b(r)=Laplacian of 

b(r) and dDE=dissociation energy (see ESI† for details). *Though HH 

distance is > 2.4 Å, QTAIM exhibited electron density at (3, –1) BCP. 
 

in ideal columnar 2D stacks in 4AP having ρ=0.46 (Fig. 2). A value 

of ρ=19.5 in 1AP indicates the formation of herringbone structure in 

the crystalline lattice when compared to the sandwich herringbone 

structure in the P (ρ=3.4). Efficient reduction in the ρ value from 1–

4AP is a consequence of simultaneous i) decrease in the percentage 

of CH contacts (- stacking) from 46.9% (1AP) to 7.4% (4AP) 

and ii) increase in the CC contacts (- stacking) from 2.4% 

(1AP) to 16.1% (4AP). With increase in the number of acetyl groups 

in the pyrene core, crystal packing of 1–4AP shows distinct patterns 

through a gradual decrease in the interplanar angle between the 

adjacent pyrene units (θ=48.4 for 1AP and θ=0 for 4AP; Fig. S3 

and Table S6, ESI†). Decrease in the interplanar angle accompanies 

with the transformation of herringbone structure of 1AP to columnar 

structure of 4AP. 2’AP shows herringbone packing without π-π 

overlap between adjacent pyrene units while crystal structure of 2, 

2”AP show a lamellar motif with 2D - stacking (brickwork/-

motif). Torsional angle between the planes of adjacent pyrene units 

in 2, 2”AP is found to be 0 and 1 respectively (Fig. S4-S5, ESI†). 

3AP shows columnar stacks with extended 2D - stacking (-

motif), consistent with 4AP. While 3AP exhibited a torsional angle 

of 67.8 between the planes of adjacent pyrene units, near-

orthogonal (80.4) arrangement of pyrene units was observed for 

4AP, consistent with the 1,3,6,8-tetraphenylpyrene derivatives 

reported by Geerts, Bredas and coworkers.31 We observed π-π 

stacking distance of 3.4-3.5 Å in 4AP when compared to 4.8 Å in 

1,3,6,8-tetrakis(4-methoxyphenyl)-pyrene reported earlier.31 By 

virtue of the smaller size of the acetyl vs. phenyl substituents, we 

observed shorter π-π stacking distance in 4AP.  

 In 2AP, carbonyl oxygen interacts with the aryl hydrogen (C– 

HO; Fig. S6, ESI†) forming a zig-zag arrangement along b-axis 

(out-of-plane; 1D), while 2’AP favors linear arrangement along c- 

axis possessing C–HO interactions. Interplanar angle of 14.5 

between the pyrene units in 2”AP arises from C–HO contacts. 

Extended C–HO interactions in 3–4AP across the ab-plane 

promote sheet-like arrangement of pyrene units (Fig. S6, ESI†) in 

combination with interplanar C–HO interactions that support the 

pyrene (-structure) stacks along the c-axis. In addition to C–HO 

interactions, we observed C–HH–C contacts (3.46 - 4.32 kJ mol-1; 

Table 1) in crystalline 2–4AP. C–HH–C contacts in 2AP (b-axis; 

in-plane; 1D) and 3AP (a-axis; in-plane; 1D) promote the linear 

arrangement of the pyrene units. In 4AP, C–HO interactions 

promote stacks along c-axis that is reinforced by C–HH–C 

contacts across the ab-plane.  

 We performed steady-state and time-resolved photophysical 

measurements to correlate the extent of overlap between adjacent 

pyrene units vs. colour properties in crystalline 1–4AP. Experiments 

were also carried out in dilute solutions of chloroform to understand 

the photophysical properties of 1–4AP. Increasing number of acetyl 

groups resulted in progressive red-shift in the UV- Vis absorption 

1AP 2AP 2’AP 2”AP 3AP 4APP

I

II

III

IV
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Fig. 1 Hirshfeld 2D fingerprint plot of 4AP with the region of the 

plots corresponding to a) CC and b) HH interactions; Hirshfeld 

surface of 4AP mapped with dnorm depicting c) CC and d) HH 

interactions; e) percentage contribution of edge-to-face (CH) and 

face-to-face (CC) interactions in 1–4AP. 

maximum of 1–4AP in chloroform, for example 22 nm (1AP) and 

70 nm (4AP), when compared to the P (Table S7, Fig. S7a, ESI†). 

Upon excitation at 350 nm, emission maximum of 1–4AP in 

chloroform exhibited similar trend indicating the role of extended 

conjugation arising from carbonyl group(s) in the electronic 

transitions in pyrene unit (Fig. S7b, ESI†). We observed a significant 

decrease in the fluorescence quantum yield of 1–4AP (f < 0.9%, 

Table S7, ESI†) in chloroform when compared to P (f = 75%).32 

Observed low f of 1–4AP in chloroform could be attributed to 

alternate excited state decay pathways (knr ≈ kISC >>> kr) due to the 

incorporation of acetyl group(s).16 Picosecond time-resolved 

fluorescence measurements of 1–4AP in chloroform exhibits short 

lifetime (f = 1-2 ns) when monitored at respective emission 

maximum upon excitation at 375 nm (Fig. S8, ESI†). While 2–4AP 

in chloroform shows longer lifetime (ca. 3-5 ns) when monitored at 

longer wavelength (500-550 nm) indicating the possibility of 

aggregation. Emission wavelength dependent excitation (Fig. S9, 

ESI†) in combination with concentration dependent emission (Fig. 

S10, ESI†) and excitation (Fig. S11, ESI†) spectra confirms the 

existence of ground state aggregate in 2-4AP in CHCl3. 

 In the crystalline state, 1–4AP exhibited diverse colour ranging 

(Scheme 1, Row III) from pale yellow-yellow-orange resulting in a 

red-shift of 100 nm in the absorption maximum of 4AP when 

compared to P (Fig. S12, ESI†). Upon excitation at 350 nm, 1–4AP 

exhibited a remarkable red-shift, for example 174 nm in the case of 

4AP, in the emission maximum when compared to P (Scheme 1, 

Row IV and Figs. S12b-S13, ESI†).32 Red-shift in the excimer-like 

fluorescence of 1–4AP could be attributed to a combination of 

additional conjugation from acetyl groups and increase in the extent 

of overlap between the adjacent pyrene moieties.7 A significant red- 

shift in the excitation spectra of 1–4AP when compared to the 

corresponding absorption spectra is indicative of ground state 

interaction between the vicinal pyrene units (Fig. S14, ESI†).  Slip-

stacked arrangement between the adjacent pyrene units in the 

crystalline 2, 2’ and 2’’AP in combination with enhanced f, f  and 

kr when compared to that in solution indicate the possibility of J-like 

aggregate and/or excimer of pyrene (Table S7, ESI†).33 Aggregate 

induced enhanced emission (AIE) due to restricted motion of the 

 

Fig. 2 Close packing arrangement in 1–4AP indicating the values of 

ρ[(%C···H)/(%C···C)].34 Herringbone (ρ>4.5), sandwich 

herringbone (3.2<ρ<4.0),  (1.2<ρ<2.7),  (0.46<ρ<1.0). 

flanking acetyl groups could also result in the enhanced fluorescence 

in the crystalline 2, 2’ and 2’’AP.35 Enhanced f in 3–4AP could be 

attributed to a combination of AIE, ground state aggregation and 

cross-dipole arrangement of the adjacent pyrene moieties as reported 

earlier.31, 36 Among all the crystalline derivatives 1–4AP, non-linear 

increase in the emission maximum of 3–4AP could be a 

consequence of orbital overlap between the adjacent pyrene units 

from near-orthogonal arrangement.  

 In summary, we modulated the extent of - overlap between 

vicinal pyrene units through successive acylation. Unprecedented 

heteropolar dihydrogen contacts (sp2 C–HH–C sp3) in organic 

crystals are established using QTAIM. Hirshfeld surface analysis is 

indicative of increase in - interactions and a concomitant decrease 

in the - interactions with increase in number of acetyl groups per 

pyrene unit. A combination of C–HH–C, C–HO and - 

interactions facilitate the transformation of sandwich herringbone 

packing of P to herringbone arrangement in 1 and 2’AP, brickwork 

arrangement in 2 and 2’’AP and columnar stacks in 3–4AP. A 

systematic decrease in the interplanar angle between the vicinal 

pyrene units could be attributed to the dramatic shift in the emission 

spectra (ca. 42–174 nm) of crystalline 1–4AP when compared to 

pyrene. J-like aggregation and/or AIE in the crystal packing of 1–

4AP corroborates to moderately emissive blue-green-orange 

crystals. Efforts are progressing in our laboratory to correlate the 

photoconduction vs. crystal packing of acetylpyrene derivatives. 
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Sandwich herringbone-herringbone-brickwork-columnar crystal ordering, achieved through successive Friedel–Crafts acylation of 

pyrene, forms the basis for diverse solid-state colouring and blue-green-orange fluorescent crystals. 
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