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Summary 

Near-infrared (NIR) absorbing and emitting organic materials are desirable for their 

applications in diverse fields such as electronics, military technology, and biomedical sciences, 

to name a few. Common organic dyes absorb in the ultra-violet (UV) or the visible region and, 

therefore, miss out on NIR absorption which comprises 31% of the solar spectrum reaching 

Earth’s surface. Modeling an organic dye such that it also absorbs in the NIR part of the solar 

spectrum is crucial to increase the amount of current generated and thus the efficiency of the 

solar cell.  

A rational molecular design strategy to model such an NIR organic dye requires in-

depth knowledge of tuning the electronic structure of the different molecular fragments 

constituting the overall dye. So, if one wants to model an optimal NIR organic dye, there are 

two important parameters that must be considered: (i) tuning the orbital energy gap 

corresponding to the NIR absorption, in most cases the HOMO–LUMO gap; and (ii) tuning 

the oscillator strength corresponding to the NIR absorption.  

In line with these considerations, the purpose of this thesis is twofold. We first develop 

a toolbox of design principles rooted in accurate quantum-chemical theory which can be 

utilized to model novel NIR absorbing organic dyes. Our second aim is to test the transferability 

of these design principles to tune reactivity in elementary chemical reactions such as Diels-

Alder cycloaddition. Chapter 1 gives a brief introduction on the research topic under discussion 

followed by Chapter 2 which gives a compact description of the theoretical methods and 

models used in this thesis. In Chapter 3, we have tested the quality of a range of TDDFT 

exchange-correlation functionals to correctly predict the condensed-phase absorption 

maximum in naphthalene diimides (NDIs). We find that the most accurate estimation of λmax 

was obtained for the GH functional PBE0, whereas RSH LCY-BLYP provides the most 

consistent systematic shift of excitation energy from λmax upon introduction of various donor 

groups on the NDI core. A negligible effect on the absorption wavelength is observed with the 

increase in basis set size from TZ2P to QZ4P. GGAs give a poor systematic trend while the 

hybrids such as PBE0 and the range-separated hybrids like CAMY-B3LYP perform better. 

Optimal tuning of the range-separation parameter in LCY-BLYP leads to a negligible 

improvement in accuracy but at the cost of high computational power. For all functionals, 

including the effect of solvation in the computations improves the agreement with the values 

and trend from experiment. CAMY-B3LYP along with calibrated LCY-BLYP with a simple 



linear fit outperforms all other functionals in terms of both absolute and predictive accuracy 

including correct estimation of charge-transfer excitations.  

After pinpointing the correct TDDFT XC functional to accurately compute delocalized 

and charge-transfer excitations, in Chapter 4, we developed an in-silico approach for rationally 

designing organic D-π-A dye molecules with a small HOMO–LUMO gap through 

investigating the role of, and interplay between various tuning parameters such as conjugation 

length, donor-acceptor substitution, heteroatom substitution and torsional angle. Our approach 

yields a toolbox of design principles that are based on a physical insight into the causal 

relationships between the electronic structure of the functional building blocks and the 

resulting optical spectrum of the overall dye molecule. We find that the HOMO–LUMO gap 

of the overall molecule can be decreased through tweaking and optimizing the electronic 

structure of the functional fragments with the aid of the tuning parameters. This implies that 

one can design organic dyes by first optimizing the individual functional building blocks and 

then combining them for amplification to predictable absorption maxima. The understanding 

gained can be applied to various other kinds of model systems to predict a priori the absorption 

maximum in those dye molecules. Leveraging these design principles, we modeled a NIR 

absorbing D-π-A organic dye with an intense NIR absorption at 879 nm which is desirable for 

solar energy capture and conversion.  

From the work in Chapter 4, we realized that controlled structural distortion in the 

aromatic core can induce a lowering of the HOMO–LUMO gap which can have drastic effects 

on the reactivity of such molecules. We probed this theory in Chapter 5, where we studied the 

factors controlling the reactivity in aromatic Diels-Alder cycloaddition reactions. Through the 

activation strain model, we pinpointed the reasons behind unusually fast [4+2] Diels-Alder 

cycloaddition of the strained benzene analogs called [n]cyclophanes, compared to benzene. 

Distorting the aromatic core of benzene via a meta or a para oligomethylene bridge activates 

the core such that the reactivity is increased by fourteen orders of magnitude compared to 

benzene. Interestingly, the activating mechanisms, albeit controlled by the structural distortion, 

are distinct: (i) favorable pre-distortion leading to smaller activation strain in 

[5]metacyclophane; and (ii) favorable transition state interaction with the dienophile through a 

distortion-controlled lowering of the HOMO–LUMO gap in the [5]paracyclophane. Both of 

these physical mechanisms and thus the rate of Diels-Alder cycloaddition can be tuned via 

different modes of geometrical distortion (meta- versus para-bridging) as well as by 

heteroatom substitution in the aromatic ring. Judicious choice of the bridge and heteroatom in 

the aromatic core enabled to achieve activation barrier as low as 2 kcal mol–1 in a 



[5]metacyclophane functionalized by a phosphorus heteroatom, which is an impressive 35 kcal 

mol–1 lower than that for benzene. 

Leveraging the insights obtained from Chapter 5, we applied the concept of structural 

distortion-induced lowering of the HOMO–LUMO gap to rationally model an intense NIR 

cyclophane-like organic dye molecule in Chapter 6. Using a quantitative Kohn-Sham MO 

approach in combination with the more accurate TD-DFT, we investigated the influence of 

various structural and electronic tuning parameters on the HOMO–LUMO gap of a benzenoid 

model dye, amongst others: (i) out-of-plane bending of the aromatic core; (ii) bending of the 

bridge with respect to the core; (iii) nature of the bridge itself; and (iv) π-π stacking. Among 

these tuning parameters, the two most influential factors controlling the HOMO–LUMO gap 

are: (i) bending of the aromatic core; and (ii) the extent of π–π stacking. These factors are 

directly controlled by the length of the cyclophane bridge. The largest change in the MO 

energies, however, originates from π–π stacking. Decreasing the inter-core distance through 

reducing the bridge length results in enhanced through-space π–π orbital overlap leading to 

large changes in frontier molecular orbital energies. The obtained insights were utilized in a 

proof-of-concept design of a model distortion-controlled NIR absorbing (785 nm) cyclophane-

like dye molecule with largely altered optoelectronic properties relative to flat benzene.  

Through this collection of research, we hope one can rationally design novel NIR 

organic dyes through fundamental understanding of the molecular and electronic structure of 

the dye. A wonderful aspect of science is the applicability and transferability of knowledge 

obtained from one field into a different one. To this end, through our research, we also highlight 

how design principles obtained from understanding spectroscopic properties can be readily 

applied to tune the rate of organic reactions. 
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