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ABSTRACT OF THE DISSERTATION 

 

The Fundamental Photophysics Underlying 

Near and Shortwave Infrared Chromophores 

 

by 

 

Hannah Concetta Friedman 

Doctor of Philosophy in Chemistry 

University of California Los Angeles, 2022 

Professor Justin Ryan Caram, Chair 

 

Rational design of bright near and shortwave infrared (NIR: 700-1000 SWIR: 1000-2000 

nm) molecular and nanoscale emitters is fundamental for applications ranging from deep tissue 

imaging to telecommunications. However, currently all reported organic chromophores with 

energy gaps in the SWIR have suboptimal properties due to their especially low fluorescent 

quantum yields. This thesis introduces the main questions pertaining to molecular absorption and 

emission in Chapter 1, and in Chapter 2 demonstrates the fundamental principles that govern 

photophysical properties of SWIR dyes, explicating the precipitous decline of quantum yield with 

longer wavelengths. I demonstrate that for polymethine dyes such declines are consistent with the 

combination of decreased radiative rates due to shrinking singlet energy gaps and increased 

nonradiative deactivation via high frequency vibrations. Through simplifying and combining 

earlier energy gap laws, I develop an energy gap independent parameter that enables comparison 
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of quantum yields among NIR/SWIR chromophores independent of the differences between each 

molecule’s energy gaps. Applying the energy gap independent parameter, I provide predictions on 

whether specific synthetic modifications of a dye would lead to improvements in photophysical 

properties. In Chapter 3, I recontextualize my work in terms of brightness, which is the quantum 

yield weighted by the dye’s absorptivity, a paramount chromophore property for imaging 

applications. Here the analysis expands to a greater survey of other dye scaffolds. In Chapter 4, I 

show preliminary experimental work that tests temperature dependence, heavy atom effects, and 

other dye scaffolds. In Chapter 5, I discuss potential synthetic and photophysical experiments to 

further understand the molecular parameters important to bright SWIR chromophores. Modelling 

both molecular and solvation impacts of fluorescence lifetimes and quantum yield will give both 

synthetic and physical chemists a handle on key variables to help develop better organic SWIR 

imaging systems.  
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Chapter 1 

Introduction to NIR/SWIR Photoluminescence 

1.1. Introduction 

When light interacts with an object, it is either absorbed, reflected, or scattered. In this 

thesis, I will focus on what happens to light after it has been absorbed, where the light energy can 

either be dissipated as heat (a nonradiative process) or can be re-emitted in all directions (a 

radiative process). Each result has wide applications, including driving chemical reactions, 

photodynamic and photothermal therapies for nonradiative processes, and biological imaging, 

forensics and lighting for radiative processes. My thesis work focuses on the interplay between 

radiative and nonradiative pathways in organic molecules with a particular focus on the shortwave 

infrared, the spectral window just beyond where our eyes can see.  

1.2. What is Photoluminescence? 

 To understand light emission, or photoluminescence, one needs to understand the changes 

to electrons that underlie a molecule’s interaction with light. Usually, the highest occupied 

molecular orbital of a physical system has a ground state where electrons are paired within an 

orbital with opposite spins, referred to as a singlet state (𝑆0). When a single photon (or quantum 

particle of light) of enough energy interacts with the ground state it can promote an electron to an 

unoccupied molecular orbital. In most cases, the photon cannot flip the spin of the electron and 

thus this process creates an excited singlet state (𝑆𝑛). An exciton, or bound pair between the excited 

negatively charged electron and its positively charged hole left over in the highest unoccupied 

molecular orbital has multiple avenues to return to 𝑆0. If it relaxes back to the ground state by 

dissipating energy into vibrational modes or the solvent, one says it underwent internal conversion. 
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If it decays back radiatively that process is called fluorescence. The excited electron can flip spin 

and transfer to the triplet state in a process called intersystem crossing. Intersystem crossing also 

applies when the triplet exciton nonradiatively decays to the ground state singlet. When a triplet 

exciton decays radiatively, it is called phosphorescence. This relaxation pathway, since it is 

considered spin forbidden, has longer lifetimes and is less probable than the spin allowed 

fluorescence. Figure 1.1 shows a Jablonski diagram of the energetic interplay of the different 

exciton states. 

1.3. What is NIR/SWIR and Why Do We Care? 

The near infrared and shortwave infrared are sections of the electronic spectrum beyond the visible 

light spectrum (800-1000 nm for NIR I and 1000-2000 nm for SWIR, Figure 1.2a). This region is 

deemed “spectrally quiet” in that there are fewer compounds that absorb and emit light compared 

to the bluer (higher energy, shorter wavelength) visible spectrum where most molecules interact 

with light. Beyond the SWIR, i.e., the redder (lower energy, longer wavelength) infrared spectrum 

contains significant spectral congestion due to absorption by vibrational motions of molecules. 

Another factor is that light scattering is wavelength dependent. For example, dilute gas shows an 

Figure 1.1. Jablonksi diagram. This diagram shows the energetic relationship and the nonradiative 

and radiative pathways for a standard molecule.  
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inverse quartic relationship of scattering with wavelength (Rayleigh scatter). These factors make 

the NIR and SWIR sections of light of interest in both biological imaging1–3 and satellite 

telemetry4,5, especially through inclement weather and foliage (Figure 1.2). In order to put these 

applications into practice one needs to have fluorescent materials (fluorophores) and 

photodetectors that can efficiently emit and accept light, respectively. In this thesis, I will use 

fundamental photophysics to evaluate and model SWIR fluorophores.  

Figure 1.2. Definition and applications of shortwave infrared light. (a) 

Line chart defining NIR-I and shortwave infrared portion of the 

electromagnetic spectrum. (b) SWIR camera can resolve mountains on a foggy 

day. Adapted from laserfocusworld.com.5 (c) SWIR light shows better 

vascular definition through a mouses skull using indocyanine green as the 

fluorescent dye. Adapted from Carr et al.3 
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1.4. Photophysical Figures of Merit for Imaging: Quantum Yield and 

Brightness 

 To evaluate the effectiveness of fluorophores, I use quantum yield of fluorescence and 

brightness. Quantum yield of fluorescence, 𝜙𝐹, can most simply be defined as the ratio of the 

photons emitted over the total photons absorbed: 

𝜙𝐹 =
𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
. (Eq.1.1) 

Knowing that every photon absorbed needs to be emitted or transferred into other energy, one can think of 

the total photons absorbed as equivalent to a sum of radiative and nonradiative rates. From here, one can 

convert quantum yield of fluorescence, 𝜙𝐹,  into a rate of emission, 𝑘𝑟, divided by the sum of nonradiative 

and radiative rates, 𝑘𝑛𝑟 + 𝑘𝑟 :  

𝜙𝐹 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
. (Eq.1.2) 

Another common metric for comparison is brightness, 𝐵, which is number of photons emitted 

when a molecule is excited at a specific wavelength (normalized for volume and concentration). 

Brightness, Ω, is more colloquially defined as the product of the quantum yield, 𝜙𝐹, and the molar 

absorption coefficient, 𝜖: 

Ω =
𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
×

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
= 𝜙𝐹 × 𝜖. (Eq.1.3) 

 

1.5. Qualitative Relationship Between Energy Gap and Quantum Yield into 

SWIR 

With the creation of NIR and SWIR dyes, quantum yields were observed to decline with 

redder fluorescence energy. This trend overall applies to inorganic materials like quantum dots 
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(Figure 1.3a).6 Additionally, a qualitative inverse relationship for organic chromophores into the 

NIR has been shown for both quantum yield and brightness (Figure 1.3bc).7 In this example across 

many dye types, it was demonstrated that around 700 nm there is a steep change in quantum yields, 

with pyrrolopyrrole cyanine dyes overall performing better in the NIR. Additionally, brightness 

does not seem to drop off substantially until 800 to 850 nm, though one can clearly see a drop off 

Figure 1.3. Literature results showing energy gap with quantum yield and 

brightness. (a) Photoluminescence quantum yield versus wavelength for quantum 

dots. Reproduced from Tenney et al.6 (b) Fluorescence quantum yield compared to 

wavelength of emission. (c) Brightness versus wavelength emission energy for a 

variety of organic scaffolds. Figures b and c are reproduced from Mayerhoffer et 

al.7 
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around 750 for squaraine dyes (black squares) in the brightness metric (Figure 1.3c). With respect 

to brightness, newer organic dyes have brightness on the order of 1 × 103 𝑀−1𝑐𝑚−1 or less for 

dyes that emit past 1000 nm. This begs the question: Is there a relationship between energy gap 

𝐸𝑔  and quantum yield/brightness? The rest of this chapter will provide an overview of the 

derivation of known energy gap laws for radiative and nonradiative rates which will be combined 

into an energy gap law for quantum yield in Chapter 2: 

𝜙𝐹(𝐸𝑔) = (1 + 𝐾
𝐶2

𝑛𝜇21
2 (𝐸𝑀𝐸𝑔

7)
1
2

exp [−
𝐸𝑔

𝐸𝑀
(ln

2𝐸𝑔

𝛾𝑀𝐸𝑆𝑇
− 1)])

−1

. (Eq.1.4) 

 

We will define each term in Chapter 2, but this gives the general form. This equation reveals that 

quantum yield quasi-exponentially decays with the energy gap of the transition (𝐸𝑔). This thesis 

will focus on the application of these laws to organic chromophores. In Chapter 2, I apply radiative 

and nonradiative energy gap laws to the quantum yields of polymethine dyes, a type of organic 

chromophore characterized by its near “particle in a box” properties.8 I further use these energy 

gap laws to define useful parameters to improve quantum yields. Chapter 3 discusses more 

generally how brightness is affected by different molecular parameters. Chapter 4 tests 

assumptions made in the combined energy gap law to novel molecules and different solvent 

environments and Chapter 5 is a brief summary of the current state of the field of SWIR 

fluorophores.  

1.6. Probability of Transition: Fermi’s Golden Rule 

 To understand the fundamental photophysics of fluorophores, one needs to mathematically 

define radiative and nonradiative rates. The transition rate for both absorption, emission, and some 
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nonradiative rates can be defined through Fermi’s golden rule, which is the generalized first-order 

correction to time-dependent perturbation theory9: 

Γ𝑖→𝑓 =
2𝜋

ℏ
|⟨𝑓|𝐻′|𝑖⟩|2𝜌(𝐸𝑓), (Eq.1.5) 

where the matrix element |⟨𝑓|𝐻′|𝑖⟩|2 defines the overlap of the final wavefunction with a perturbed initial 

wavefunction, and 𝜌(𝐸𝑓) is the density the states that couple ground and excited wavefunctions. When both 

the initial and final state are in the electronic manifold, this describes radiative or absorption events where 

the matrix element is the transition dipole moment (for dipole allowed transitions) which determines the 

strength of the transition. For nonradiative rates from internal conversion or intersystem crossing, the matrix 

element is based on vibrational coupling. I will use Fermi’s golden rule throughout the discussion of 

radiative and nonradiative rates.  

1.7. Primer on Radiative Rate Energy Gap Law  

Understanding the relationship between absorption and emission of light goes back to the 

early 20th century, when Einstein developed the theory of atomic spectral lines.10 He related the 

rate of absorption, 𝐵12 ,  to the rate of spontaneous emission, 𝐴21 , and the rate of stimulated 

emission, 𝐵21, for individual particles in the gas phase, as shown below:10,11  

𝐵12
𝐸 𝑁1𝑢(𝐸) = 𝐵21

𝐸 𝑁2𝑢(𝐸) + 𝐴21𝑁2, (Eq.1.6) 

where  𝑢(𝐸) is the energy density of radiation per unit energy, and 𝑁1 and 𝑁2 are the populations 

of molecules in 𝜓1, 𝑆0, and 𝜓2, 𝑆1, respectively. Following Einstein’s10 and Planck’s12 logic, to 

solve for spontaneous emission, 𝐴21, one can utilize the energy density of blackbody radiation as 

well as relate 𝐵12 to an experimentally accessible molar absorption coefficient, 𝜖 (full derivation 

of these steps is available in Section 2.5b) to reach: 
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where 
𝑔1

𝑔2
 is the ratio of degenerate states, 𝐸𝑔 is the energy gap, 𝜎0 is the integrated absorbance 

cross section, 𝑁𝐴 is Avogadro’s number, ℏ is Planck’s constant divided by 2𝜋, c is the speed of 

light in a vacuum, and 𝑛  is the refractive index of the solvent. Within this thesis, I used an 

adaptation of the atomic based solution to Einstein’s 𝐴21  coefficient. Since molecules have 

differences in absorption and emission energy, a treatment of Einstein’s 𝐴21 coefficient was 

derived to account for the spectral shift by Strickler and Berg:13 

The energy that defines the rate of absorption, 𝐵12 is different than the energy of emission for 𝐴21 

due to molecular vibrational displacements. Thus, two frequencies instead of one (eq 1.7) 

encompass the relevant photophysics for molecules, the mean vibrational frequency of 

fluorescence, 〈𝜈𝑓
−3〉−1, and the vibrational frequency of absorbance, 𝜈. 

In this dissertation, I will use energy gap relationships for both radiative and nonradiative 

rates of organic molecules to understand general trends of quantum yield and brightness. For 

expedience in combining radiative and nonradiative rate energy gap laws, I used equation 1.7 (thus 

𝐸𝑔 which is defined as the midpoint between the absorption and emission energy). This assumption 

works well for organic molecules with little difference in maximum absorption and emission 

energy and allows one to use both absorption and emission band gaps on a consistent basis. Future 

𝐴21 =
𝑔1

𝑔2

𝐸𝑔
2𝑛2

ℏ3𝜋2𝑐2
 𝜎0 =

𝑔1

𝑔2

1000𝐸𝑔
2𝑛2

𝑁𝑎𝑙𝑜𝑔10(𝑒)𝜋2ℏ3𝑐2
∫ 𝜖(𝐸)𝑑𝐸,

𝐸2

𝐸1

 (Eq.1.7) 

𝐴21 = 2.88 × 10−9𝑛2〈𝜈𝑓
−3〉−1

𝑔1

𝑔2
∫ 𝜖(𝜈)𝑑ln(ν̃

𝜔2

𝜔1

)

=
8 × 1000𝜋𝑐𝑛2

𝑁𝐴 log10 𝑒
𝑛2〈𝜈𝑓

−3〉−1
𝑔1

𝑔2
∫ 𝜖(𝜈)𝑑ln(ν̃

𝜔2

𝜔1

). 

(Eq.1.8) 
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work should further analyze the impact of this choice and if there is a more appropriate way to 

include the vibronic displacement (eq. 1.8) within the radiative rate law.  

Although the molar absorption coefficient is how chemists measure the strength of 

absorption of a molecule, the transition dipole moment, 𝜇12/21, is the quantum mechanical based 

molecular parameter the sets the strength of absorption and emission for dipole allowed transitions. 

I apply a treatment of Fermi’s golden rule (Eq 1.5) for 𝐴21. In free space, 𝜌(𝐸𝑔), can be calculated 

by computing the number of photon modes in a cavity of volume 𝑉0: 

𝜌(𝐸𝑔) =
𝐸𝑔

2𝑉0𝑛3

𝜋2ℏ2𝑐3
. (Eq.1.9) 

For a randomly oriented dipoles in free space, the transition matrix is: 

|⟨𝑓|𝐻′|𝑖⟩|2 =
1

3
𝜇21

2 ℰ𝑣𝑎𝑐
2 , (Eq.1.10) 

where the magnitude of energy of the fluctuating electric field in a vacuum is defined as:  

ℰ𝑣𝑎𝑐 = (
𝐸𝑔

2휀0𝑉0
)

1
2

, (Eq.1.11) 

where 휀0  is vacuum permittivity. Since the photophysics present in this thesis is done in solution, 

a refractive index correction was added to the permittivity, 휀 = 휀0𝑛2. Combining equations 1.5, 

1.9, 1.10, and 1.11 yields: 

𝐴21 =
4𝜇21

2 𝐸𝑔
3𝑛

3ℏ4𝑐3
. (Eq.1.12) 

This is the radiative rate law that I will be using to evaluate quantum yields with respect to a 

molecule’s energy gap. Thus, there is a cubic relationship between energy gap and radiative rate.  



10 
 

Finally, one can relate the sum of the molar absorption coefficients to the transition dipole 

moment: 

∫ 𝜖(𝐸) =
log10 𝑒 𝑁𝐴

1000

𝑔2𝜋𝐸𝑔

3𝑔1휀0𝑛ℏ2𝑐
|𝜇21|2. (Eq.1.13) 

This will be important toward relating the calculated quantum mechanical value for absorptivity 

to the experimentally determined value. This is especially critical for the analysis of brightness of 

a molecule. 

1.8. Primer on Nonradiative Rate Energy Gap Law 

 There are many types of nonradiative rates, such as internal conversion, intersystem 

crossing, twisted internal charge transfer, and photochemical reactions. For this thesis, I assume 

that internal conversion is the predominant nonradiative rate in the SWIR (see Chapter 2.3). For 

this treatment of nonradiative rates, I will focus on Englman and Jortner’s formulation of 

nonradiative rates for internal conversion and intersystem crossing in large molecules as the 

foundation for the theory behind this portion of the thesis.14 They first give a general form of 

nonradiative decay probability derived from Fermi’s golden rule: 

𝑊 =
2𝜋

ℏ
∑ ∑ 𝑝(𝑠𝑖)|𝑉𝑠𝑖,𝑙𝑗|

2
𝛿(𝐸𝑠𝑖 − 𝐸𝑙𝑗)

𝑗𝑖

, (Eq.1.14) 

where: 

𝑉𝑠𝑖,𝑙𝑗 ≈ 𝐶𝑆𝑠𝑖,𝑙𝑗, (Eq.1.15) 

and 𝑆𝑠𝑖,𝑙𝑗  is the Frank-Condon overlap factor, which reflects the vibrational overlap between 

states. The value C is known as the non-adiabatic derivative coupling, which mixes electronic and 

nuclear states causing the breakdown of the Born-Oppenheimer approximation. 𝐶  depends on 

whether one is analyzing internal conversion or intersystem crossing by considering the effects of 

the nuclear kinetic energy operator. One can think of internal conversion and intersystem crossing 
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as analogous to the probability of tunneling between the excited state and a highly vibrationally 

excited ground state.  

From here, Englman and Jortner  generate two adiabatic potentials, which are defined by 

the normal coordinate between the two potentials,Δ𝑗 , the vibrational energy or frequency, 𝜔𝑗, and 

the energy gap between the two potentials Δ𝐸 or 𝐸𝑔 (Figure 1.4).14 They then simplify by focusing 

on a combination of 4 limits which are based on mean vibration frequency 〈𝜔〉 = 𝑁−1 ∑ 𝜔𝑗𝑗  and 

Stokes shift, or difference between the maximum absorption energy and the maximum emission 

energy, 𝐸𝑆𝑇, which they define as 𝐸𝑆𝑇 = ∑ ℏ𝜔𝑗Δ𝑗
2

𝑗 , where 
1

2
Δ𝑗

2 = 𝑆 or the Huang Rhys factor.i The 

four limits are: 

1. High temperature, Strong coupling: 

𝛽ℏ〈𝜔〉 ≪ 1 𝑎𝑛𝑑 𝐸𝑆𝑇 ≫ 2ℏ〈𝜔〉tanh (
1

2
βℏ〈𝜔〉) 

2. Low temperature, Strong coupling: 

𝛽ℏ〈𝜔〉 ≫ 1 𝑎𝑛𝑑 𝐸𝑆𝑇 ≫ 2ℏ〈𝜔〉tanh (
1

2
βℏ〈𝜔〉) 

3. High temperature, Weak coupling: 

𝛽ℏ〈𝜔〉 ≪ 1 𝑎𝑛𝑑 𝐸𝑆𝑇 ≤ 2ℏ〈𝜔〉 

4. Low temperature, Weak coupling: 

𝛽ℏ〈𝜔〉 ≫ 1 𝑎𝑛𝑑 𝐸𝑆𝑇 ≤ 2ℏ〈𝜔〉 

 
i The relationship between the Stokes shift and the Huang Rhys factor has been found to be more 

complicated in recent years given the impact of temperature on Stokes shift.92 The difference in 

energy between each barycenter, intensity weighted average, of absorption and emission defined 

throughout this thesis as 𝐸𝑏𝑐 is unaffected by temperature. This will be discussed further in Chapter 

3. 
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 In this thesis, I will focus on the low temperature, weak coupling limit which is applicable 

to typical organic chromophores. To stay outside of the high temperature limit at room temperature 

or ~300 K, the mean vibrational energy would need to be greater than ~210 𝑐𝑚−1 which is much 

lower than mean vibrational energy in organic molecules. To be in the weak coupling limit the 

Stokes shift must be less than twice the mean vibrational frequency 〈𝜔〉. Again, in the case of 

organic molecules, a large density of high frequency modes is responsible for most of the Stokes 

shift, since Stokes shifts are less than 1000 𝑐𝑚−1 for most molecules studied here, I assert that 

most molecules are safely in the weak coupling limit.  

 For the weak coupling low temperature limit, Englman and Jortner arrive at the following 

equation in their manuscript: 

𝑊 =
𝐶2√2𝜋

ℏ√ℏ𝜔𝑀𝛥𝐸
𝑒𝑥𝑝 [−

𝛥𝐸

ℏ𝜔𝑀
(𝑙𝑛 (

2𝛥𝐸

𝑑ℏ𝜔𝑀𝛥𝑀
2 ) − 1)] . 

(Eq.1.16) 

 

Figure 1.4. Diagram of displaced harmonic 

oscillator with an avoided crossing in 

frequency space.  
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Δ𝐸 is the fluorescence energy plus half the Stokes shift, or as defined in this dissertation 𝐸𝑔; 𝜔𝑀 

is the maximum vibrational stretch; 𝑑  is the number of degenerate stretches; and Δ𝑀
2  is the 

displacement from the maximum vibrational stretch. The maximum vibrational stretch is 

considered of most importance here since this nonradiative pathway is between the lowest 

vibrational level of the excited state to an energetically well matched upper vibrational level of the 

ground state (Figure 1.4). Thus, the larger vibrational stretch represents the closest approach 

between the ground and excited state, though edge cases have computationally been analyzed 

elsewhere.15 An adaptation of this equation is used as the nonradiative energy gap law in this 

dissertation and is discussed further in Chapter 2. This energy gap law has been applied to many 

systems including gold nanoclusters16, metal to ligand charge transfer complexes,17,18 aromatic 

thiones,19 and platinum coated conjugated polymers.20 Englman and Jortner proposed that 

deuteration of a compound (by changing 𝜔𝑀) is a method to improve quantum yield without 

significantly altering the energy gap. This approach has previously been reported21–23 and will be 

discussed throughout the dissertation.  

 In conclusion, the combined energy gap law at the focus of my thesis can be derived by 

inserting equations 1.12 and 1.16 into equation 1.2. This law will be tested with the polymethine 

chromophore class in Chapter 2. In Chapter 3, I recontextualize these laws in terms of brightness. 

In Chapter 4, I initiated methodologies to elucidate other photophysical pathways that were not 

included in the energy gap laws and apply these to new chromophore classes. In Chapter 5, I give 

a brief outlook on future directions in SWIR photophysics. Applications of this approach will 

enable better design of dyes through understanding the interplay between a molecule’s structure 

and its photophysical properties, especially in the near and shortwave infrared.   
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Chapter 2 

Establishing Design Principles for Emissive Organic SWIR 

Chromophores from Energy Gap Laws 

Adapted with permission from: Friedman, H. C., Cosco, E.M., Atallah, T.L., Sletten, E.M., Caram, 

J. R., “Establishing design principles for brightly emissive organic SWIR emitters” Chem. 7(12). 

3359-3376. (2021). Copyright 2021 Elsevier Inc. 

2.1 . Introduction 

 Shortwave infrared (SWIR, or NIR-II/III, ~1000–2000 nm) radiation offers imaging 

capabilities with superlative contrast and feature resolution. Reflective and fluorescent imaging in 

the SWIR has been shown to enable penetrative imaging—through fog, foliage, skin and 

bone,2,24,25 enabling broad applications ranging from image-guided surgery to self-driving 

cars.1,4,26,27 The SWIR spectral region has lower background due to few natural sources of radiation 

(e.g., blackbody radiation, tissue autofluorescence), compared to the visible (VIS, 350–700 nm) 

and near-infrared (NIR, 700–1000) regions. Expanding and improving the library of bright SWIR 

chromophores that can sense biological, chemical or physical changes in complex and opaque 

environments represents a fundamental technological aim.  

 While nanoscale emitters like quantum dots and lanthanide nanoparticles can achieve high 

quantum yields (𝜙𝐹 > 0.1) in the SWIR, organic chromophores have thus far displayed very low 

emission past 1000 nm (𝜙𝐹 ≤ 0.03).28–32 Nevertheless, organic emitters are biocompatible and 

provide a breadth of chemical functionalities that make them highly desirable for biological 

applications.33 There is a clear trade-off between smaller HOMO-LUMO gaps and 𝜙𝐹 . Even 
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among NIR/SWIR emitters, the higher 𝜙𝐹  dyes tend to be those with maximum absorption 

wavelength ( 𝜆𝑚𝑎𝑥  ) on the blue edge of the SWIR spectral window. In this manuscript, we apply 

experiment and theory to answer the questions: What dictates fundamental limits on 𝜙𝐹 for narrow 

HOMO-LUMO gaps? Can we compare enhancement of 𝜙𝐹 due to a structural change between 

chromophores, independent of energy gap changes? What additional structural parameters 

provide a handle to overcome the current limits on 𝜙𝐹?  

 To address these questions, we must consider how the energy gap modulates the 

fluorescence quantum yield, or the ratio of the radiative rate (𝑘𝑟) to the sum of radiative rate and 

nonradiative rate (𝑘𝑛𝑟): 

𝜙𝐹 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
. (Eq. 2.1) 

  

Known energy gap laws modulate the radiative/non-radiative rate, which, when combined with 

equation 2.1, allow us to derive an estimate of the maximum 𝜙𝐹 as a function of singlet energy 

gap (𝐸𝑔) for any chromophore. This Energy gap law Quantum yield Master Equation (EQME) will 

allow us to frame changes in 𝜙𝐹 in terms of 𝐸𝑔 independent parameters, such as the transition 

dipole moment (𝜇21), Stokes shift (𝐸𝑆𝑇), and the strength of nonadiabatic coupling between excited 

and ground states (𝐶).  

 To parametrize and assess EQME, we utilize absorption cross sections, fluorescent spectra, 

excited state decay rates and quantum yields for 21 related symmetric polymethine fluorophores 

with absorption maxima ranging from 800–1100 nm (Figure 2.1).34,35 This unique data set was 

acquired using sensitive superconducting nanowire single photon detectors (SNSPDs) which are 

capable of probing the often short excited state lifetimes of these chromophores in the SWIR, 

beyond the bandgap of silicon avalanche photodiodes (details in Chapter 2.5).35–37  
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Figure 2.1. Chromophores studied in this chapter. (a/b) Laser dyes IR-1061 (a) and IR-26 (b). (c/d) 

Flavylium and chromenylium heptamethine (c) and pentamethine (d). fluorophores.  
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Comparing our results to the quantum yield of an additional 33 reported NIR and SWIR 

polymethine dyes demonstrates the general applicability of EQME for determining maximum 

quantum yield for organic chromophores in the SWIR. 

 The EQME equation also allows us to develop an energy gap independent comparison 

methodology for SWIR chromophores, enabling practical quantitative exploration how changes 

within a dye scaffold can lead to improved 𝛷𝐹 independent of shifts in energy. Using this method, 

we show electron donating groups increase relative quantum yield while redshifting the 𝜆𝑚𝑎𝑥 for 

the flavylium polymethine scaffold, a relationship previously obscured due to redshifting energy 

gaps. Furthermore, EQME quantifies other avenues for increasing quantum yield, such as 

deuteration, increasing the transition dipole moment through J-aggregation, or increasing the 

radiative rate through plasmonic coupling. We experimentally demonstrate such improvement 

through partial deuteration of the Flav7 (chromophore 3) scaffold. Our results define a metric and 

roadmap for overcoming limitations in SWIR quantum yields. 

2.2. Results  

 In Figure 2.2, we show an example of the collected data used to define measured values 

and errors for quantum yield (𝜙𝐹), 𝜆𝑚𝑎𝑥, energy gap (𝐸𝑔), total rate (𝑘𝑡𝑜𝑡), and Stokes shift (𝐸𝑆𝑇). 

All values are reported, which were taken in dichloromethane, DCM, in Table 2.1 and their 

measurement and fitting is detailed in Section 2.5a. For all derived values, we will use SI units, 

however the tables will report values in more conventional wavenumber units ( cm−1) . For 

convenience, the values in Table 2.1 can be used in each equation by converting to joules i.e., 

multiplying by 𝛼𝐸 = 102ℎ𝑐
J

cm−1 or 1.986 × 10−23 J

cm−1). 𝐸𝑔  is defined as 
ℎ𝑐

𝜆𝑚𝑎𝑥
−

1

2
 𝐸𝑆𝑇  (Figure 

2.2a). From the values in Table 2.1, we calculate the radiative and nonradiative rates (𝑘𝑟 and 𝑘𝑛𝑟 
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respectively), oscillator strengths of absorption and emission (𝑓12  and 𝑓21), and the excited to 

ground transition dipole moment (𝜇21, 𝜇21
′ ), calculated from the emission lifetime and absorption 

cross section, respectively (Table 2.2). The procedure for calculating these parameters is described 

in Chapter 2.5b.  

 

Figure 2.2. Representative plots of photophysical measurements used to determine 

energy law constants. (a) Absorption and emission spectra for dye 3 (Flav7) in 

dichloromethane is plotted. 𝜆𝑚𝑎𝑥 is defined as the maximum absorption point, the 𝐸𝑆𝑇 is 

defined as the difference between absorption and emission maxima and 𝜎0 is the integrated 

absorption cross section. 𝐸𝑔 is the midpoint between maximum absorption and emission 

values. (b) Fluorescent lifetime measurement for 3, instrument response function (IRF), and 

the data fit curve.  
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Table 2.1. Experimentally Derived Values for the Energy Gap Laws 

Dye 
𝜱𝑭 

(× 𝟏𝟎−𝟐) 

𝑬𝒈

𝜶𝑬
 

(𝐜𝐦−𝟏) 

𝝀𝒎𝒂𝒙 

(𝐧𝐦) 

𝒌𝒕𝒐𝒕 

(× 𝟏𝟎𝟖 𝐬−𝟏) 

𝝈𝟎 

(× 𝟏𝟎−𝟑𝟗 𝐦𝟐𝐉) 

𝑬𝑺𝑻

𝜶𝑬
 

(𝐜𝐦−𝟏 ) 

1 0.32 ± 0.01 9276 1063 147 ± 2 3.25 ± 0.03 258.2 

2 0.05 ± .03 9107 1080 490 ± 20 2.35 ± 0.04 298.7 

3 0.61 ± 0.02 9603 1027 147 ± 2 2.68 ± 0.01 267.7 

4 0.35 ± 0.01 10011 987 192 ± 4 2.37 ± 0.04 240.5 

5 1.61 ± 0.02 10148 975 66.2 ± 0.4 2.63 ± 0.05 216.3 

6 1.70 ± 0.04 10128 977 68.6 ± 0.5 2.58 ± 0.03 215.4 

7 0.62 ± 0.02 9560 1033 144 ± 2 2.07 ± 0.07 237.7 

8 0.51 ± 0.02 9585 1029 160 ± 3 2.86 ± 0.05 266.37 

9 0.58 ± 0.02 9414 1047 147 ± 2 2.76 ± 0.01 274.7 

10 0.48 ± 0.02 9548 1034 151 ± 2 2.91 ± 0.01 246.1 

11 0.54 ± 0.01 9571 1030 151 ± 2 2.48 ± 0.09 274.8 

12 0.45 ± 0.01 9668 1021 161 ± 3 1.46 ± 0.08 252.3 

13 0.42 ± 0.02 9902 998 169 ± 3 1.16 ± 0.02 235.3 

14 0.52 ± 0.01 10042 984 155 ± 2 2.03 ± 0.03 242.0 

15 0.46 ± 0.01 9308 1061 180 ± 3 2.59 ± 0.02 233.9 

16 1.58 ± 0.02 9814 1007 84.7 ± 0.7 2.51 ± 0.05 240.1 

17 6.1 ± 0.1 11468 862 32.2 ± 0.1 3.20 ± 0.04 276.9 

18 28 ± 2 12086 819 9.79 ± 0.01 3.46 ± 0.05 248.3 

19 28.3 ± 0.5 12077 819 9.49 ± 0.01 2.83 ± 0.05 262.6 

20 5.3 ± 0.02 10980 897 33.8 ± 0.1 2.66 ± 0.03 337.5 

21 18.3 ± 0.4 11602 852 13 ± 0.1 3.67 ± 0.03 269.2 

3’ 0.63 ± 0.03 9626 1027 141 ± 2 4.35 ± 0.07 267.7 

3” 0.66 ± 0.05 9626 1027 139 ± 2 4.40 ± 0.12 267.7 
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Table 2.2. Calculated Values for Dyes Studied 

Dye 
kr (eq 2.1) 

(× 𝟏𝟎𝟕𝐬−𝟏) 

knr (eq 2.1) 

(× 𝟏𝟎 𝟖𝐬−𝟏) 
𝒇𝟏𝟐 𝒇𝟐𝟏 

𝝁𝟐𝟏
′ (eq 2.4) 

(𝑫)* 

𝝁𝟐𝟏 (eq 2.3) 

(𝑫) 

1 4.7 + 0.2 147 ± 5 2.09 ± 0.02 −0.58 ± 0.02 17 ± 1 11.5 ± 0.2 

2 2.4 ± 1.4 476 ± 286 1.51 ± 0.03 −0.30 ± 0.18 15 ± 1 8.4 ± 3.0 

3 9.0 ± .03 146 ± 5 1.72 ± 0.01 −1.02 ± 0.04 15 ± 1 15.0 ± 0.3 

4 6.7 ± 0.2 192 ± 7 1.50 ± 0.02 −0.71 ± 0.02 14 ± 1 12.3 ± 0.3 

5 10.6 ± 0.3 67 ± 2 1.69 ± 0.03 −1.14 ± 0.01 15 ± 1 15.4 ± 0.1 

6 11.6 ± 0.3 65 ± 1 1.66 ± 0.02 −1.16 ± 0.03 15 ± 1 15.6 ± 0.2 

7 9.0 ± 0.3 144 ± 5 1.33 ± 0.05 −1.04 ± 0.04 14 ± 1 15.2 ± 0.1 

8 8.2 ± 0.2 160 ± 7 1.66 ± 0.01 −0.95 ± 0.04 15 ± 1 14.5 ± 0.4 

9 8.5 ± 0.3 146 ± 5 1.59 ± 0.06 −1.02 ± 0.04 15 ± 1 15.2 ± 0.3 

10 7.3 ± 0.3 151 ± 7 1.77 ± 0.01 −0.84 ± 0.04 16 ± 1 13.7 ± 0.4 

11 8.2 ± 0.2 151 ± 4 1.88 ± 0.01 −0.94 ± 0.02 16 ± 1 14.5 ± 0.2 

12 7.3 ± 0.2 161 ± 4 0.94 ± 0.05 −0.82 ± 0.02 11 ± 1 13.4 ± 0.2 

13 7.2 ± 0.4 172 ± 9 0.74 ± 0.02 −0.78 ± 0.04 10 ± 1 12.9 ± 0.4 

14 8.1 ± 0.2 155 ± 4 1.31 ± 0.01 −0.85 ± 0.02 13 ± 1 13.4 ± 0.2 

15 8.2 ± 0.3 178 ± 5 1.84 ± 0.03 −1.00 ± 0.03 16 ± 1 15.2 ± 0.4 

16 13.4 ± 0.6 83.4 ± 4 1.61 ± 0.03 −1.47 ± 0.08 15 ± 1 17.8 ± 0.5 

17 19.7 ± 0.8 30 ± 1 2.05 ± 0.03 −1.66 ± 0.03 19 ± 1 17.5 ± 0.2 

18 27.4 ± 0.5 7.0 ± 0.3 2.23 ± 0.03 −2.03 ± 0.14 19 ± 1 18.9 ± 0.8 

19 26.8 ± 0.4 6.8 ± 0.1 1.82 ± 0.03 −1.95 ± 0.02 17 ± 1 18.5 ± 0.2 

20 18.0 ± 0.8 32 ± 1 1.71 ± 0.01 −1.49 ± 0.01 17 ± 1 17.0 ± 0.1 

21 24.3 ± 0.5 10.8 ± 0.02 2.35 ± 0.03 −1.91 ± 0.04 20 ± 1 18.7 ± 0.2 

3’ 8.9 ± 0.5 140 ± 2 1.76 ± 0.02 −1.02 ± 0.06 15 ± 1 15.0 ± 0.4 

3’’ 9.2 ± 0.7 138 ± 2 1.78 ± 0.05 −1.06 ± 0.08 15 ± 1 15.3 ± 0.6 

*For 1–16 (17–21), 𝒈𝟐 𝒈𝟏⁄ = 𝟏. 𝟔 ± 𝟎. 𝟐 (𝟏. 𝟏 ± 𝟎. 𝟏) 
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2.2a The First Energy Gap Law – Radiative Rates 

The first law relates 𝑘𝑟  to the density of photonic modes in vacuum and the transition 

dipole moment (details in Chapter 2.5b). Briefly, time dependent perturbation theory results in a 

spontaneous emission rate:  

𝑘𝑟 =
2𝜋

ℏ
|𝑀21|2𝑔(𝐸𝑔), 

(Eq. 2.2) 

where 𝑀21  is the transition integral and 𝑔(𝐸𝑔) is the density of photon states that bridge the 

transition energy between ground and excited states (e.g., Fermi’s golden rule). In general, as one 

increases the energy gap, the density of photonic modes increases with 𝑔(𝐸𝑔) ∝ 𝐸𝑔
2
 while the 

matrix element that couples a dipole allowed transition between excited and ground state increases 

with |𝑀21|2 ∝ 𝐸𝑔, leading to a 𝑘𝑟 which is proportional to 𝐸𝑔
3. For dipole allowed transitions in 

a solvent, the precise relationship in SI units is: 

𝑘𝑟 =
𝑛𝜇21

2

3𝜋𝜖0ℏ4𝑐3
𝐸𝑔

3, (Eq. 2.3) 

where 𝜖0 is the vacuum permittivity, and 𝑛 is the refractive index of the solvent (𝑛 = 1.42 for 

dichloromethane).  

To assess the validity of the radiative rate energy gap law across different chromophores, 

we must normalize each rate by the molecule’s squared transition dipole moment (𝜇21
2 ) as assessed 

by a separate measurement, in this case the integrated absorption cross section:11  

|𝜇21
′ |2 = 3

𝑔1𝜖0𝑛ℏ2𝑐

𝑔2𝜋𝐸𝑔
𝜎0, 

(Eq. 2.4) 

 

where, 𝑔2 𝑔1⁄ is the ratio of oscillator strength of polymethines of absorption and emission, 

respectively, or − 𝑓12 𝑓21⁄ . We note that in polymethine chromophores, the absorption oscillator 
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strength depends on the length of the methine bridge. For cyanine dyes with 7 methine units, prior 

reports show values between 2–3 and with shorter methine bridges values between 1.7–1.9 are 

reported.38–40 We therefore use the average values 𝑔2 𝑔1⁄ = 1.6 ± 0.2 for 7-methines (1–16) and 

1.1 ± 0.1 for 5-methines (17–21), which though lower show a similar trend.ii In Figure 2.3, we 

plot the radiative rate divided by the transition dipole moment, and compare to the following 

universal gap law: 

𝑘𝑟

𝜇21
2 = 𝐾𝜇

𝑛

3𝜋𝜖0ℏ4𝑐3
𝐸𝑔

3. 
(Eq. 2.5) 

 

Here, 𝐾𝜇 = 1.11 × 10−59C2m2D−2 (a conversion factor which allows us to express 𝜇21 in more 

convenient Debye units). We observe that the transition dipole moment normalized radiative rate 

follows an approximate 𝐸𝑔
3 power law. This is consistent with the change in the density of states 

as a function of gap. 

 
iiWe note the two primary outliers are 1 and 2 (commercially known as IR-1061 and IR-26). Both 

dyes have thiochromenylium derived heterocycles. Our results suggest that the presence of sulfur 

on the heterocycle leads to large deviations in the oscillator strength ratio from changes in 𝑓21. 
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2.2b. The Second Energy Gap Law – Nonradiative Rates  

 Nonradiative rates are governed by multiple excited state loss channels including internal 

conversion (decay through vibrational modes), intersystem crossing (decay through an 

intermediate triplet state), and nuclear reorganization (decay to a lower energy molecular 

configuration, for example through isomerization or proton transfer).14,41,42 The second energy gap 

law states that nonradiative relaxation rates for intersystem crossing and internal conversion (𝑘𝑛𝑟) 

exponentially decrease at higher 𝐸𝑔. Here, we focus on singlet states and thus nonradiative decay 

Figure 2.3. Polymethines follow the radiative rate energy gap law. Radiative 

rates from Table 2.2 divided by transition dipole moment from Equation 2.4 for 

heptamethines (blue) and pentamethines (red). Line represents Equation 2.5, the 

radiative rate gap law normalized to transition dipole moment, allowing us to 

compare the dyes independent of the specific molecular parameters.  
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through internal conversion, allowing us to establish a lower bound on 𝑘𝑛𝑟  for infrared 

chromophores.  

The experimental values for nonradiative rates are compared to the expression derived by 

Englman and Jortner,14 which provides the nonradiative gap law in systems that have small Stokes 

shifts (𝐸𝑆𝑇) relative to their energy gap, 𝐸𝑔. We present a modified expression below (derived in 

the Section 2.5c) which relates this equation to values found in Table 2.1: 

𝑘𝑛𝑟 =
𝐶2√2𝜋

ℏ√𝐸𝑀𝐸𝑔

exp [−
𝐸𝑔

𝐸𝑀
(ln (

2𝐸𝑔

𝛾𝑀𝐸𝑆𝑇
) − 1)] . (Eq. 2.6) 

Here, 𝐶 is the non-adiabatic coupling term between singlet ground and excited states and 𝐸𝑀 is the 

energy of the deactivating vibrational mode. 𝛾𝑀 is a parameter representing the degree to which 

the deactivating mode contributes to the Stokes shift given by:  

𝛾𝑀 =
𝑆𝐸𝑀

𝐸𝑆𝑇
, (Eq. 2.7) 

where 𝑆 is the Huang-Rhys parameter for the collection of near degenerate vibrational modes at 

or near 𝐸𝑀 . Over the range of energies considered, the nonradiative rate will exponentially 

decrease with increasing energy gap, as observed in many systems, including gold nanoclusters,16 

metal to ligand charge transfer complexes,17,18 aromatic thiones,19 and platinum containing 

conjugated polymers.20  

 To predict the energy gap dependence of nonradiative rates for polymethine chromophores 

studied here, we require semi-empirical estimates of 𝐸𝑀, 𝛾𝑀, and 𝐶. For all estimates, we will use 

the largest Stokes shift for 7-methine dyes in Table 1 (dye 2, 𝐸𝑆𝑇 = 298.7 cm−1). 𝐸𝑀 is the energy 

of the vibration which contributes most strongly to the tunneling from excited to ground state. 

While a more detailed derivation is provided in Englman and Jortner’s paper,14 conceptually the 

gap law arises from the overlap between ground and excited state potentials, which varies 
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nonlinearly with the vibrational energy. If the energy gap and Stokes shift are fixed, the tunneling 

distance between potentials decreases with the vibrational curvature (energy) of the mode. In the 

limit of large 𝐸𝑔 relative to 𝐸𝑆𝑇, higher energy vibrations dominate contributions to the overlap 

integral between ground and excited states. As Englman and Jortner’s paper, we will use 𝐸𝑀 =

3000 cm−1 for equation 2.7, the approximate energy of the collection of C-H vibrational modes.14

 In order to reinforce the assumption that the highest frequency vibrational mode would 

dominate the nonradiative rate, we note the linear change in log(𝑘𝑛𝑟) as a function of energy gap 

in Figure 2.4. Despite a large variance in quantum yield among these dyes, this linear trend strongly 

implies that energy gap law considerations dominate the nonradiative relaxation rates in the SWIR. 

We plot the nonradiative rate estimate from equation 2.6 using the parameters described in the 

preceding section (𝐸𝑆𝑇 = 298.7 cm−1, 𝐶 = 1623 cm−1), which shows good agreement with the 

nonradiative rate data. We also perform a linear fit of the data from which we extract the slope, 

which corresponds to: 

𝑑 log(𝑘𝑛𝑟)

𝑑𝐸𝑔
= − log(𝑒) (

1

2𝐸𝑔
′

−
ln (

2𝐸𝑔
′

𝛾𝑀𝐸𝑆𝑇
)

𝐸𝑀
). (Eq. 2.8) 

For simplicity, we will use the midpoint 𝐸𝑔
′ = 10,000 cm−1 , which leads to a fit for the 

deactivating vibrational mode of 𝐸 𝑀
𝑓𝑖𝑡

= 4086 cm−1. Taken together, both the agreement of the 

model and the slope from the linear fit agree with the apparent dominance of high-frequency 

vibrational modes (≥ 3000 cm−1, i.e., C-H stretches) in setting the non-radiative rate limit in 

SWIR-emitting polymethines.  
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2.2c. Energy Gap Quantum Yield Master Equation  

 We can combine equations 2.1, 2.3 and 2.6 to derive EQME, which sets the maximum 

quantum yield of as function of energy gap, dielectric and molecular parameters: 

𝜙𝐹(𝐸𝑔) = (1 + 𝐾
𝐶2

𝑛𝜇21
2 (𝐸𝑀𝐸𝑔

7)
1
2

exp [−
𝐸𝑔

𝐸𝑀
(ln

2𝐸𝑔

𝛾𝑀𝐸𝑆𝑇
− 1)])

−1

,  (Eq. 2.9) 

 

Figure 2.4. 𝒌𝒏𝒓  are governed by high-frequency vibrational mode 𝑬𝑴 > 𝟑𝟎𝟎𝟎 𝒄𝒎−𝟏 . 

Nonradiative rates from Table 2.2 are plotted against a linear fit for 𝑙𝑜𝑔 (𝑘𝑛𝑟), and equation 

2.6, evaluated using the parameters described in the text.  
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where 𝐾 = (
3𝜖0𝑐2

(25𝜋3)1/2 
). In Figure 2.5, we plot the functional form of the predicted “highest” 

quantum yield using 𝛾𝑀 = 1 , 𝐶1 = 1623 cm−1 ,  𝜇21 = 18 D  and 𝐸𝑆𝑇 = 298.7 cm−1 . We also 

include a more optimistic limit, using 𝐶2 = 798 cm−1 (which approximates a median value for the 

derivative coupling from literature on polyacenes and polyenes)43,44 and a smaller coupling to the  

 

high frequency stretches ( 𝛾𝑀 = 0.5 ) (Figure 2.12 shows effects of changes 𝐶  and 𝛾𝑀 

independently). We plot both our measured quantum yields from this work and 33 additional dyes 

from literature reports (see Figure 2.13 for labeled points).26,33–35,45–51 Our results demonstrate that 

Figure 2.5. EQME provides consistent upper bounds for SWIR quantum 

yields. Comparison of quantum yields of 54 NIR and SWIR polymethine 

chromophores to the prediction of EQME (Equation 2.9). 
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even under pessimistic assumptions, quantum yields of almost all observed polymethine dyes do 

not exceed our predicted maximum line, with an exception of the LZ series of dyes recently 

reported by Li et al.32,52 Given that our pessimistic estimation likely over-estimates the impact of 

nonadiabatic coupling, a few outliers can be expected. What is clear is that the model demonstrates 

that the precipitous falloff in quantum yields around 900 nm is an unavoidable consequence of 

energy gap laws applied to organic chromophores.  

2.2d. Comparing Chromophore Quantum Yield while Accounting for Energy Gap Changes 

 It is challenging to predict how structural modifications of a chromophore will alter the 

quantum yield. We hypothesize that the dearth of predictive metrics (particularly in the SWIR) 

arises from the contribution of energy gap QY changes which disguise the underlying effects of 

molecular change. Using EQME, we can establish an energy-gap independent parameter (𝜉 or ‘xi’) 

to study the effect of structural changes on quantum yields within a chromophore family.  

 We first define a conventional improvement factor (𝜒 or ‘chi’) as the fractional change in 

quantum yield, i.e., 𝜒 = 𝜙𝑏 𝜙𝑎⁄ − 1 (𝜒 > 0 indicates a direct improvement in 𝜙𝐹). To create an 

energy gap independent metric, we first note that when 𝑘𝑛𝑟 ≫ 𝑘𝑟 (e.g., when 𝜙𝐹 < 0.1), log(𝜙𝐹) 

is approximately linear with respect to 𝐸𝑔  changes. We therefore can extrapolate 𝜙𝐹  of a 

chromophore at one 𝐸𝑔  to its equivalent value at another point in the SWIR. Comparing the 

extrapolated quantum yield of the standard fluorophore (a) to a second fluorophore (b) at the 𝐸𝑔 

of b gives us an energy-gap independent improvement factor, 𝜉. 𝜉 is defined as: 

where 𝜅 is: 

𝜅 =
ln(2𝐸𝑔,𝑎/𝛾𝑀𝐸𝑆𝑇,𝑎)

𝐸𝑀
+

7

2𝐸𝑔,𝑎
. (Eq. 2.11) 

𝜉 =
𝜙𝑏

 𝜙𝑎
𝑒−𝜅(𝐸𝑏−𝐸𝑎) − 1, (Eq. 2.10) 
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𝜉 > 0 indicates an improvement in the quantum yield factoring in the effect of changing the energy 

gap. The differences between 𝜒 and 𝜉 are illustrated in Figure 2.6a; equation 2.11 is derived in 

section 2.5e of the supporting materials, with Figure 2.14 showing the validity of our constant 𝜅, 

and section 2.5e.i and Figure 2.15 shows a worked example using 𝜉.  

Table 2.3. Enhancement of Dyes 

Compared to Dye 4 (IR-27) 

Dye 𝝃 𝝌 

𝟏 1.73 −0.09 

𝟐 −0.45 −0.86 

𝟑∗ 1.97 0.74 

𝟓 2.75 3.60 

𝟔 3.08 3.86 

𝟕∗ 2.47 0.77 

𝟖∗ 1.75 0.46 

𝟗∗ 3.03 0.66 

𝟏𝟎∗ 1.73 0.37 

𝟏𝟏∗ 1.97 0.54 

𝟏𝟐 1.14 0.29 

𝟏𝟑∗ 0.41 0.20 

𝟏𝟒∗ 0.42 0.49 

𝟏𝟓∗ 2.75 0.31 

𝟏𝟔 5.05 3.51 

*included in Figure 2.6 

 

Having established a comparative metric for SWIR fluorophore quantum yield that is 

independent of energy gap, we compare across heptamethine fluorophores with systematic 

changes at the 7-position of the flavylium ring (dyes 3, 4, 7–11, 13–15). Using Equation 2.10, we 
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computed 𝜉  values using the unsubstituted IR-27 (4) as the comparative fluorophore (i.e., 

fluorophore a). These values are in Table 2.3 (see Figure 2.16 for all values plotted). The 𝜉 

parameter reveals large energy gap independent changes in quantum yield hidden in the direct 

improvement factor. Using 𝜉 we sought to correlate the energy gap independent improvement 

factor with the Hammett 𝜎𝑚  parameter.53 Prior work demonstrated that the absorption and 

emission maximum correlated well to 𝜎𝑚 (𝑅2 = 0.96); however, the quantum yield showed no 

direct correlation.34 In Figure 2.6b, we show no correlation between 𝜎𝑚 and 𝜒 (blue line, 𝑅2 =

0.015). However, when 𝜉 is plotted against 𝜎𝑚 values, a linear correlation emerges (Figure 2.6b, 

red line, 𝑅2  =  0.757).  

Our results suggest that electron donation enhances the quantum yield. In Figure 2.6c, we 

show that transition dipole moment, 𝜇21, also increases with decreasing 𝜎𝑚 (𝑅2  =  0.452). We 

therefore hypothesize that electron donating groups appended to the heterocycle functionally 

increase the delocalization length of the excitation, leading to redshifting chromophores and 

larger transition dipole moments. The redshift induced by adding electron donating groups would 

lead to lower quantum yields, but the effect is partially compensated by increasing transition 

dipole moment, and thus increased quantum yields.  
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Figure 2.6. Energy gap free QY comparator, 𝝃 uncovers a linear free energy 

relationship. (a) Example of the difference between 𝜉 and 𝜒. (b) 𝜉 shows correlation 

with Hammett parameter while 𝜒  shows negligible correlation. 𝑋  through points 

denotes dye 9 which is excluded from all fits as done in Cosco et al.34 (c) There is a 

negative correlation between Hammett parameter 𝜎𝑚 and transition dipole moment. 
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2.2e. Overcoming Energy Gap Laws  

 The EQME suggests pathways to directly improve the quantum yield of organic 

chromophores through changes in radiative and nonradiative rates (Figure 2.7a). To alter the 

radiative rate of the chromophore, one can either A) alter the transition dipole moment, 𝜇12, or B) 

control the local photon density of states (𝑔(𝐸𝑔)). For (A), a potential approach is molecular J-

aggregation in which coupled chromophores collectively interact with an electric field, resulting 

in superradiant emission.54 Furthermore, J-aggregation has the advantage of both modulating the 

radiative rate and redshifting the absorption and emission. Indeed, several groups have had success 

in using this strategy to access highly redshifted organic chromophores though superradiance has 

not been shown.55,56 Sun et al. demonstrated that FD-1080 J-aggregates when encapsulated in a 

phospholipid nanoparticle and has a 𝜆𝑚𝑎𝑥  of 1370 nm and a quantum yield of 5.45 × 10−4 

compared to the monomer values of 1046 nm and 𝜙𝐹 = 3.1 × 10−3 in ethanol.48,56 The aggregate 

thus has a 𝜒 value of -0.8, but a 𝜉 value of 7.3, again demonstrating that aggregation improved the 

relative quantum yield when taking into account the energy gap laws. For (B), the most common 

path discussed is through incorporation of photonic cavities or coupling to plasmonic 

nanoparticles.57–59 Historically, microdroplets have been shown to modulate the radiative rate; for  
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Figure 2.7. Deuteration and increased transition dipole moment enhances PLQY in SWIR. 

(a) Ratiometric enhancement in quantum yield as a function of energy gap for different strategies 

for circumventing the energy gap laws including complete deuteration of the alkenyl CH 

stretches (blue), 50 percent deuteration (purple), increasing the transition dipole moment by 5 

and 2 (red and yellow). (b) Structures of dye 3’ and 3”. (c) Deuteration on the polymethine 

scaffold increases but not significantly quantum yield, decreases total rate, has negligible effect 

on radiative rate, and decreases nonradiative rate. The asterisk indicates that the difference 

between dyes is significant p < 0.05. 
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example, Rhodamine-6G showed an improvement of 2 in smaller droplet compared to larger 

droplets, including a change in fluorescence rate.57,58 Srinivasan and Ramamurthy showed that 

Rhodamine-6G in cermet nanocavities had greater than 50-fold fluorescence enhancement.60 

Though these pathways are promising, the impact of plasmonic/photonic modifications may also 

simultaneously increase nonradiative rates.61–63 

For nonradiative rates, the highest vibrational frequency plays a large role in setting knr, 

typically the alkenyl C-H stretch at 3000 cm-1. Complete substitution of H for D would change the 

highest vibrational energy to 2200 cm-1. Assuming no change in the Huang-Rhys parameter (𝑆 =

0.1) we predict a maximum ~60  fold enhancement in quantum yield, using the pessimistic 

assumptions (Figure 7a, ~40 under optimistic assumptions (Figure S9)). Prior work on iridium 

complexes,22 benzene,23 oxazine,64 and small molecule for blue LEDs65 also demonstrated 

increased quantum yields with deuteration suggesting deactivation through these modes is a 

common feature in chromophores.  

To test the effect of deuteration on polymethine chromophores, we synthesized two 

partially deuterated Flav7 (3), derivatives, 3’ and 3” (structures in Figure 2.7b, synthetic details in 

Section 2.5f). We hypothesized that partial deuteration will only have a modest effect on the 

nonradiative rate by decreasing the collective Huang-Rhys parameter of the highest energy mode. 

Measuring absorption, quantum yield, and time resolved photoluminescence  

lifetime we observe that dyes 3’ and 3” have nearly identical absorption and emission spectra 

(Figure 2.18) but may display a slight quantum yield enhancement. While the changes of quantum 

yield and radiative rate changes are within the error of the measurement, the change in 𝑘𝑡𝑜𝑡 and 

𝑘𝑛𝑟 are significant (𝑝 < 0.05 for both compared to dye 3, Figure 2.7c, and details in Section 2.5f). 

The trend suggests that further deuteration may significantly enhance 𝜙𝐹. 
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2.3. Discussion  

 Every chromophore system is subject to the same energy gap laws described above, 

however, our data suggests that polymethine dyes have some of the best intrinsic properties for 

SWIR absorption and emission, including high transition dipole moments and small Stokes 

shifts.66 To show this in comparison to other chromophores, we plot the energy where 𝑘𝑟 = 𝑘𝑛𝑟 

(or 𝜙𝐹 = 0.5) for fixed 𝐶, but variable 𝜇12 and 𝐸𝑆𝑇 in Figure 2.8. For simplicity, we assume the 

Stokes shift largely arises due to coupling to the 3000 cm−1 C-H stretches (details in Section 

2.5g). We then overlay the transition dipole moments and Stokes shifts of other common dye 

classes.67–70 Within this model our results suggest that common chromophore scaffolds (e.g., 

BODIPY and xanthene derivatives such as fluorescein) may be challenging to shift into the SWIR 

while retaining high quantum yields, though squaraines provide a potential avenue for further 

exploration. Donor-acceptor dyes with fused ring acceptors have SWIR 𝜙𝐹 emission at 0.03 and 

are intriguing given their large Stokes shift (1000 − 3000 cm−1 ), which would seem to be 

deleterious to the quantum yield.28,71,72 However, the 𝐸𝑔 of these SWIR emitting chromophores 

are bluer than other scaffolds. For example, COTIC-4F in toluene has 𝜆𝑒𝑚 = 915 𝑛𝑚 and 𝜙𝐹 =

0.055, but its 𝐸𝑔 of 11474 cm−1 is comparable to that of dye 17, which has a quantum yield of 

0.061, demonstrating that its impressive quantum yields in the SWIR is a balancing act between 

large Stokes shifts could be equivalent or slightly deleterious to quantum yield as shown in the 

example direct 𝐸𝑔. Nevertheless, large Stoke shifts may have a smaller effect on quantum yields 

than smaller energy gaps, and thus the tradeoff may be favorable, depending on application space 

and wavelength range.  
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Even with these favorable properties, the energy gap laws imply emission quantum yields 

of NIR/SWIR organic fluorophores will remain around 3% or less unless fundamental changes to 

the radiative and non-radiative pathways are realized. Stated succinctly, a chromophore is only as 

good as its worst non-radiative decay pathway. For visible chromophores, chemists have 

developed powerful tools to systematically improve quantum yields (e.g., rigidification), but these 

decay channels are no longer the limiting pathways for NIR/SWIR chromophores, with the 

vibrational relaxation as the limiting pathway. For example, conformationally restricted cyanine 

dyes (the CyB class) has shown dramatic increases to 𝜙𝐹 in the visible (e.g 0.09 to 0.85 for Cy3 

and Cy3B73–75, 0.15 to 0.69 for Cy5 and Cy5B)76 but very small changes in the NIR (0.24 to 0.29 

for Cy7 and Cy7B)39 Though all have a decrease in Stokes shift with rigidification, they also notice 

Figure 2.8. 50% quantum yield energy map. Solving for 

EQME=0.5 using two varying 𝜇21 and 𝐸𝑆𝑇, demonstrates that high 

transition dipole moments and low Stokes shifts are necessary for 

scaffolds to have SWIR fluorescence. The predicted range for 

different dye scaffolds is in boxes as follows: polymethine (PM., 

orange), squaraine (Sq., teal), BODIPY (BDP., blue), and 

fluorescein (xanthene) (Fluor., purple).  
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less impact of viscosity of solvent in Cy7 versus Cy5 indicative less impact of torsional 

rotation.39,76 The decreased Stokes shift does suggest that the contribution of the highest frequency 

mode to the Stokes shift is not 1, and adds credence to the optimistic limit in EQME. Nevertheless, 

high frequency deactivation does appear to be the limiting factor. In the NIR/SWIR, decreased 

energy gaps lead to short tunneling barriers and concomitant high 𝑘𝑛𝑟. Eliminating these pathways 

requires fundamentally altering the high-frequency vibronic manifold (through deuteration or 

fluorination), or short circuiting the radiative pathways for the chromophore. On the other hand, 

deuteration may not significantly improve quantum yields in the visible, as other nonradiative 

pathways govern excited state dissipation. Energy gap law analysis may help determine the 

theoretical maximum quantum yield, and help researchers decide the appropriate path toward 

systematic quantum yield improvement.  

We find that SWIR chromophores are deactivated via omnipresent vibronic coupling which 

directly connects ground and excited states through tunneling, mediated by C-H stretches. 

However, identifying precisely which C-H stretches should be modified remains an open question. 

Recent work by Hirata et al. on deuteration of N,N′-diphenyl-N,N′-(3-methyl phenyl)-1,1′-

biphenyl-4,4′-diamine suggests that the location of the deuteration will have differential effects on 

the vibronic manifold, suggesting that some stretches are privileged in dissipative dynamics.65 

Further supporting this view, systems with high quantum yields in the SWIR (Pb and Hg 

chalcogenide nanocrystals, lanthanide f-orbital centers), have transitions which couple mostly to 

low-frequency phonon modes, i.e., 𝐸𝑀 𝑎𝐸  ⁄ ≤  300 cm−1 ,29 consistent with higher QYs and 

considerably weaker direct nonradiative decay pathways. Mode-specific chemical transformations 

should be further explored as a pathway to improve quantum yields. 
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Many studies have made note of the deleterious effect of water as a solvent for quantum 

yields.77,78 EQME only considers solvent refractive index and its effect on radiative rates (water 

has a lower refractive index of 1.33 vs 1.41 for DCM, resulting in a small decrease in radiative 

rates and quantum yields). However, this is insufficient to explain both the magnitude of quenching 

in water compared to other solvents, and the effect of deuterated water which increases quantum 

yields. Recent work has suggested that FRET into overtone vibrational bands of O-H stretches can 

impact quantum yields.77,79 This is supported by prior work on SWIR emissive quantum dots78 and 

preliminary data in Section 2.5h. This latter solvent effect is an additional deactivation pathway so 

for most cases the trend from EQME that we see in organics will transfer into water and other 

biologically relevant solvents. Still, further research exploring the effect of solvent environment 

in the SWIR will be fruitful.  

2.4. Conclusion 

To make systematic improvements to SWIR chromophores, we first explore the validity of 

energy gap laws for radiative and nonradiative rates and apply it to analyze a large data set of 

NIR/SWIR polymethine dyes. We derive an energy gap quantum yield master equation which 

demonstrates that the precipitous drop in quantum yields in the SWIR is consistent with the 

exponentially increasing nonradiative decay rates and decreasing radiative rates, with the former 

mediated by the presence of high frequency vibrational modes. Energy gap laws must be 

considered when comparing NIR/SWIR chromophores as improvements to quantum yield are 

directly correlated to the energy gap. By creating energy gap neutral comparators, we elucidate the 

impact of simple structural derivatives on quantum yield. We thus assess the natural limits of 

quantum yield in chromophores and provide a path forward in the inverse design problem. The 

presence of organic alkenyl C-H stretches likely limits the maximum possible quantum yield for 
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SWIR emitters, but our preliminary results suggest that deuteration and judicious chromophore 

design may provide a path forward. We believe that a general and unified framework will enable 

the design of novel SWIR chromophore systems beyond the polymethine chromophore class and 

enable rational optimization of fluorescence in these systems.  

2.5. Supporting Information 

2.5a. Methods 

2.5a.i. Materials 

 Chromophore structures are shown in Figure 2.1. IR-1061(1) was purchased from Sigma 

Aldrich. IR-26 (2) was purchased from Exciton. Dichloromethane (DCM, HPLC grade), ethanol 

(anhydrous) and ethanol-d1 (99.5%) were purchased from Fisher scientific. IR-27 (4) and dyes 3–

4, 7–15;34 and 5–6 and 16–2135 were prepared following reported procedures. 

2.5a.ii. Absorption coefficient 

 Absorption coefficients were calculated with serial dilutions in DCM in volumetric 

glassware. Error was taken as the standard deviation of the triplicate measurement. Absorbance 

spectra were collected on a JASCO V-770 UV-VIS/NIR spectrophotometer. The total molar 

absorption coefficient was numerically integrated over the NIR/SWIR absorption.  

To find the integrated absorption cross section of the S0 →  S1 electronic state including its 

vibrational progression (Figure 1) in units of absorption (𝜎(𝜔)) per unit angular frequency we 

numerically integrate using linear interpolation and Simpson’s rule (Equation 2.12):  

∫ 𝑓(𝑥)𝑑𝑥
𝑥𝑁

𝑥0

≈
𝑥𝑛 − 𝑥𝑜

3𝑛
∑ 𝑓(𝑥2𝑖−2) +

𝑛
2

𝑖=1

 𝑓(𝑥2𝑖−1) + 𝑓(𝑥2𝑖). (Eq. 2.12) 
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Standard error was calculated by repeating this method for the upper bound and lower bound of 

each point from repeat measurements. The number of points used for the interpolation was twice 

that of the original points in that range. 

2.5a.iii. Fluorescence quantum yield 

 Photoluminescence spectra were obtained on a Horiba Instruments PTI QuantaMaster™ 

Series fluorometer with 90º collection. For dyes 1–16, relative quantum yields were taken with IR-

26 as the standard in DCM (detailed methodology in references).34,35 The Φ𝐹 of IR-26 (2) was 

taken to be 5 × 10−4 in accordance with several recent measurements.26,29,30 Dyes 17–21 were 

found using absolute quantum yield with an integrating sphere.35 Quantum yield for 3’ and 3’’ 

were determined using the relative method compared to 3 [ Φ𝐹= (0.61 ±  0.02) × 10−2].35 For 

each compound, five solutions and a solvent blank were prepared and measured for their 

absorbance (890 nm) and emission spectra (excitation: 890 nm, emission collected between 920 – 

1500 nm, no filter, excitation slit width: 0.77 nm, emission slit width: 11.52 nm, integration time: 

0.3 s, step size: 4 nm) to plot integrated fluorescence intensity versus absorbance. Error calculation 

of quantum yield was propagated from the error in slope of both the reference and the unknown. 

2.5a.iv. Time correlated single photon counting 

 We recorded PL lifetimes using a home-built, all-reflective epifluorescence setup.37 For 

dyes 1–15, we used a pulsed 970 nm (70
𝜇𝐽

𝑐𝑚2
 , IRF = 44 ± 1 ps) excitation; for dyes 16–20, we 

used a pulsed 780 nm (900
𝜇𝐽

𝑐𝑚2
, 𝐼𝑅𝐹 = 59 ± 1 ps) excitation; for the comparison of dye 3, 3’, 3” 

we used a pulsed 785 nm (0.19
𝜇𝐽

𝑐𝑚2 , 𝐼𝑅𝐹 = 68 ± 1 ps) excitation. Emission was then collected 

and filtered with a 90:10 beamsplitter and appropriate excitation filters finally reflectively coupled 
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into a single-mode fiber (F-SMF-28-C-10FC, Newport) and detected using an SNSPD (Quantum 

Opus One™).35,37,80  

Given the short lifetimes of these dye, lifetimes were fit with a convolution of the 

instrument response function and an exponential. To determine the lifetime (or decay rate, 𝑘) for 

each TCSPC trace we fit each curve to a convolution of Gaussian with a single exponential decay: 

 

 

 

The width, 𝜎, of the Gaussian was determined using the instrument response function (IRF) which 

was measured as the backscatter off of a cuvette with solvent (e.g., DCM) without the longpass 

filters. The initial peak amplitude, 𝐼0, and the rate, 𝑘, were free fitting parameters, while the time 

offset, 𝑡0, and the IRF width, 𝜎 were fixed variables. We use a conservative error of 1 ps (the 

instrument resolution) for our lifetimes except where noted in our statistics. Figure 2.9 shows the 

lifetime fitting of the Dye 3, 3’, 3”. 

 

𝐼(𝑡) =
𝐼0

2
𝑒

−𝑘((𝑡−𝑡0)−
𝜎2𝑘

2
)

(1 + erf (
(𝑡 − 𝑡0) − 𝜎2𝑘

√2𝜎
)) (Eq. 2.13) 
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2.5b. Modeling Absorption and Emission 

This manuscript establishes the relationship between the energy gap and quantum yield of 

molecular systems in the shortwave infrared. In this supporting information, we will outline or 

derive the expressions that relate spectroscopic and structural observables to the radiative and non-

radiative rates of a molecular chromophore, separating molecular details (e.g., transition dipole 

moment, number of/coupling to vibrations, and excited/ground state degeneracy) from photonic 

degrees of freedom (e.g., index of refraction and density of photon states as a function of energy 

gap).  

Figure 2.9. Example lifetime fit. Fitted lifetimes for dye 3, 3’,3”. 
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2.5b.i. Einstein coefficients, absorption, and emission.  

There is considerable ambiguity when describing how spectroscopic observables such as 

the molar absorptivity, lifetime and quantum yield relate to intrinsic molecular properties such as 

transition dipole moment and oscillator strength. Much of the literature defines these relationships 

in terms of gas-phase atomic transitions, and while the physics is identical for molecular systems, 

the presence of a Stokes shift between absorption and emission, broader more complex lineshapes, 

a dielectric environment, and more complex excited state degeneracy complicates numerical 

comparison between chromophores.11,13,67,81,82 Several papers clarify this discussion and we 

simply elaborate on their work below, keeping notation and unit consistency with our manuscript, 

and including solvent dielectric effect in all cases.11,13,67,81,82 To guide the discussion, we provide 

a table of units for each of the terms given in both Gaussian and SI unit systems (Table 2.4). 

 To relate the molar absorptivity to the rate of absorption (and ultimately the rate of 

emission), we will use the Einstein formalism, depicted in Figure 2.10. In steady state the change 

in population is zero (𝑁1’ = 0), which allows us to express the following equation:  

𝐵12
𝐸 𝑁1𝑢(𝐸) = 𝐵21

𝐸 𝑁2𝑢(𝐸) + 𝐴21𝑁2, Eq. (2.14) 

where 𝐵12, 𝐵21 and 𝐴21 are the rate constants for absorption, stimulated emission and spontaneous 

emission respectively, 𝑢(𝐸) is the energy density of radiation per unit energy, and 𝑁1and 𝑁2 are 

the population of molecules in 𝜓1 and 𝜓2 respectively. The superscript omega denotes that these 

𝐵 coefficients include units of angular frequency as it is the rate of absorption or stimulated 

emission at a given excitation energy. 
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Table 2.4. Unit Table 

Variable 
Gaussian 

(cgs) 
SI units 

𝑩𝟏𝟐 𝒐𝒓 𝑩𝟐𝟏 
𝑐𝑚

𝑔
 10

𝑚

𝑘𝑔
 

𝑨𝟐𝟏 𝑠−1 𝑠−1 

𝑰 
𝑔

𝑠2𝑐𝑚
 10

𝑘𝑔

𝑠2𝑚
 

𝝈𝟎 𝑐𝑚2𝑒𝑟𝑔 10−3𝑚2𝐽 

𝝐 𝑚𝑜𝑙 ∙ 𝑐𝑚2 104𝑚𝑜𝑙 ∙ 𝑚2 

𝒖(𝑬)(𝒃𝒍𝒂𝒄𝒌 𝒃𝒐𝒅𝒚) 
𝑔

𝑐𝑚
𝑒𝑟𝑔 10−7

𝑘𝑔

𝑚
𝐽 

〈𝑼〉 
𝑔

𝑠2 ∙ 𝑐𝑚
 0.1

𝑘𝑔

𝑠2 ∙ 𝑚
 

𝝁𝟐𝟏 𝐷 3.335 × 1030𝐶 ∙ 𝑚 
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2.5b.ii. Absorption parameters to Einstein coefficients 

 The absorption cross section (SI: m2) is measurable using a conventional UV-VIS 

spectrometer. The cross section is defined as the energy absorbed by the chromophore per unit 

time divided by the energy per unit area per unit time of incident light (i.e., intensity). The energy 

absorbed per second is given by the rate of absorption, (𝐵12
𝐸 𝑢(𝐸)) (total units of s-1), multiplied by 

the energy of each photon absorbed (𝐸𝑔). The intensity is given by the average energy density of 

monochromatic light as 〈𝑈〉 (energy per unit volume). The input intensity is therefore 𝐼0 = 𝑣〈𝑈〉, 

where 𝑣 is the speed of light in a dielectric medium, i.e., 𝑣 = 𝑐/𝑛. We arrive at the following 

expression for cross section:  

𝜎(𝐸) =
𝑛𝐸𝐵12

𝐸 𝑢(𝐸)

𝑐〈𝑈〉
, (Eq. 2.15) 

which simplifies to:  

𝜎(𝐸)𝑑𝐸 =
𝑛𝐸𝐵12

𝐸

𝑐
, (Eq. 2.16) 

Figure 2.10. Depiction of Einstein coefficients. Defining induced 

absorption, stimulated emission, and spontaneous emission for a 2-

level system. 
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where 〈𝑈〉 = 𝑢(𝐸)𝑑𝐸. The change in intensity as a function of penetration depth of this incident 

light is:  

𝑑𝐼

𝑑𝑥
= −𝑁1𝜎(𝐸)𝐼(𝑥)𝑑𝐼, (Eq. 2.17) 

which for a fixed path length, 𝑙, leads naturally to:  

𝐼𝑓𝑖𝑛𝑎𝑙

𝐼0
= 𝑒−𝑁1𝜎(𝐸)𝑙. (Eq. 2.18) 

A standard absorption spectrometer measures the intensity transmitted of absorbed light as a 

function of input frequency for a monochromatic beam. By chemistry convention the absorbance 

is:  

𝐴(𝐸) = −𝐿𝑜𝑔10

𝐼(𝐸)

𝐼0(𝐸)
 = 𝜖(𝐸)𝑀𝐿. (Eq. 2.19) 

where 𝜖(𝐸) is the molar absorptivity (or attenuation), 𝑀 is the concentration of sample (commonly 

in units of molarity), and L is the path length. This translates to cross section as follows: 

𝜎(𝐸) =
1000

𝑁𝐴 log10 𝑒
𝜖(𝐸) ≈ 1.66 × 10−21 𝜖(𝐸). (Eq. 2.20) 

In this paper, we will consider uniform illumination over the entire lowest energy absorption 

feature (usually well separated in the NIR or SWIR). Our coefficient therefore corresponds to the 

overall absorption of the lowest energy transition(s). We thus define single absorption coefficient 

𝜎0 corresponding to the following integral: 

𝜎0 = ∫ 𝜎(𝐸)𝑑𝐸.
𝜔2

𝜔1

 (Eq. 2.21) 
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We can also define a simple lineshape function 𝑔(𝐸) = 𝜎(𝐸)/𝜎0. This allows us to use either the 

overall Einstein coefficient 𝐵12, or the coefficient at a specific wavelength 𝐵12
𝐸 = 𝐵12𝑔(𝐸). To 

relate the measured total absorption cross section with emission, we will use the rest of the relevant 

Einstein coefficient relations. Without external illumination, (at thermal equilibrium) the 

population at each energy level is 
𝑁2

𝑁1
=

𝑔2

𝑔1
𝑒−𝛽𝐸𝑔 , where 𝛽 = (𝑘𝑇)−1, 𝐸𝑔 is the energy gap, and 𝑔1 

and 𝑔2 are the degeneracy of ground and excited state respectively. Here, we can use 𝑢(𝜔) the 

energy density of a blackbody at temperature 𝑇 and 𝑣: 

𝑢(𝐸) =
𝐸𝑔

3

𝜋2𝑣3ℏ2(𝑒𝛽𝐸 − 1)
. (Eq. 2.22) 

Through substitution of 𝑁2, 𝑢(𝐸) , and 𝑣 in S3 we arrive at: 

𝐵12𝐸𝑔
3𝑛3

𝜋2ℏ2𝑐3
=

𝑔2

𝑔1

𝐵21𝐸𝑔
3𝑛3

𝜋2ℏ2𝑐3
𝑒−𝛽𝐸𝑔 + 𝐴21

𝑔2

𝑔1
(1 − 𝑒−𝛽𝐸𝑔). (Eq. 2.23) 

Equation 2.23 is true at all temperatures which allows us to relate absorption and spontaneous 

emission. For the low temperature limit (appropriate when 𝑘𝑇 ≪ ℏ𝜔), then 𝑇 → 0, 𝛽 → ∞:  

𝐵12 =
𝑔2

𝑔1

𝜋2ℏ2𝑐3

𝐸𝑔
3𝑛3

 𝐴21. (Eq. 2.24) 

Therefore, one can calculate the radiative rate from the absorption cross section, assuming we 

know the relevant energy gap (𝐸𝑔) and the ratio of the degeneracy between ground and excited 

states: 

𝜎0 =
𝑛ℏ𝐸𝑔𝐵12

𝑐
=

𝑔2

𝑔1

𝐴21𝜋2ℏ3𝑐2

𝐸𝑔
2𝑛2

 . (Eq. 2.25) 
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We obtain 𝐴21independently by measuring the lifetime and quantum yield of each dye (see Section 

2.5a), we can compare each to determine the degeneracy ratio 
𝑔2

𝑔1
 for each dye.  

 In this chapter, to compare absorption and emission measurements we assume a common 

energy gap for all photophysical measurements, in this case the midpoint between absorption and 

emission. Within the displaced harmonic oscillator model, 𝐸𝑔 is the energy difference between 

harmonic wells. As cyanine dyes have small Stokes shifts and low Huang Rhys factors, we believe 

this simplification will introduce minimal relative errors. We can therefore relate our absorption 

cross section to the spontaneous (radiative) rate:  

2.5b.iii. Comparison to the Strickler-Berg equation 

The spontaneous radiative rate coefficient derived here matches that derived by Strickler 

and Berg with appropriate unit conversions (reproduced below in both the common condensed 

form and its expanded form):13  

Note that in this equation, energy is defined in wavenumber not energy defined in Joules as 

described above. Additionally, the Strickler-Berg equation accounts for the molecular band gap 

differently by differentiating between the emission energy and the absorption energy such that the 

carrier frequency is defined by the fluorescence spectra. While this is a reasonable approximation, 

𝐴21 =
𝑔1

𝑔2

𝐸𝑔
2𝑛2

ℏ3𝜋2𝑐2
 𝜎0 =

𝑔1

𝑔2

1000𝐸𝑔
2𝑛2

𝑁𝑎𝐿𝑜𝑔10(𝑒)𝜋2ℏ3𝑐2
∫ 𝜖(𝐸)𝑑𝐸

𝐸2

𝐸1

. (Eq. 2.26) 

𝐴21 = 2.88 × 10−9𝑛2〈𝜈𝑓
−3〉−1

𝑔1

𝑔2
∫ 𝜖(𝜈)𝑑ln(ν̃

𝜔2

𝜔1

)

=
8 × 1000𝜋𝑐𝑛2

𝑁𝐴 log10 𝑒
𝑛2〈𝜈𝑓

−3〉−1
𝑔1

𝑔2
∫ 𝜖(𝜈)𝑑ln(ν̃

𝜔2

𝜔1

). 

(Eq. 2.27) 
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it renders absorption and emission metrics of radiative rates internally inconsistent, so we will use 

the mid-gap point instead.  

2.5b.iv. Relating Einstein coefficients to transition dipole moments 

The transition dipole moment is the molecular parameter which sets the strength of 

absorption and the rate of emission for dipole allowed transitions. We can derive the relationship 

between the transition dipole moment and radiative rate through an application of Fermi’s Golden 

rule. The transition rate comes from first order perturbation theory:83 

𝐴21 =
2𝜋

ℏ
|𝑀21|2𝑔(𝐸𝑔). (Eq. 2.28) 

In free space, 𝑔(𝐸𝑔), can be computed by computing the number of photon modes in a cavity of 

volume 𝑉0:  

𝑔(𝐸𝑔) =
𝐸𝑔

2𝑉0

𝜋2ℏ2𝑣3
. (Eq. 2.29) 

For a randomly oriented dipole in free space, the transition matrix is: 

|𝑀12|2 =
1

3
𝜇21

2 ℰ𝑣𝑎𝑐
2 , (Eq. 2.30) 

with the magnitude of energy of the fluctuating electric field in a vacuum defined as:  

ε𝑣𝑎𝑐 = (
𝐸𝑔

2휀0𝑉0
)

1
2

. (Eq. 2.31) 

Combining equations 2.28-2.30 leads to: 

𝐴21 =
𝜇21

2 𝐸𝑔
3

3𝜋ℏ4𝑣3휀
. (Eq. 2.32) 
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We modify this slightly by including the refractive index 휀 = 휀0𝑛2 (in cgs units 휀 =
1

4𝜋
𝑛2). With 

this correction, we arrive at: 

𝐴21 =
4𝜇21

2 𝐸𝑔
3𝑛

3ℏ4𝑐3
, (Eq. 2.33) 

which is identical to the equation found in the prior literature with the addition of the refractive 

index correction.11 We can therefore relate transition dipole moment to the absorption cross section 

using equations 2.25 and 2.33 as follows: 

𝜇21
2 =

𝑔1

𝑔2

3ℏ𝑛𝑐

4𝐸𝑔𝜋2
 𝜎0. (Eq. 2.34) 

 

2.5b.v. Oscillator strength 

Oscillator strength is defined as the comparison of the absorption or emission rate to the 

rate of absorption or emission of a classical oscillator. The classical oscillator rate of transition is 

defined as: 

𝛾𝑐𝑙 =
𝑞2𝐸𝑔

2𝑛

6𝜋휀𝑂𝑚ℏ2𝑐3
, (Eq. 2.35) 

where 𝑚 is the mass of an electron and 𝑞 is electron charge. We then can define the emission 

oscillator strength as:  

𝑓21 = −

1
3

𝐴21

𝛾𝑐𝑙
. (Eq. 2.36) 

We use the radiative rate found through use of quantum yield and total lifetime to determine the 

oscillator strength of emission. Similar to how 𝐵12 and 𝐵21 are related by the degeneracy ratio so 
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are 𝑓12 and 𝑓21. We can solve for 𝑓12 with the relationship between the classical oscillator cross 

section, 𝜎𝑜𝑐, compared to the experimental absorption cross section:11 

𝜎𝑜𝑐 = ∫

𝛾𝑐𝑙

2𝜋

(
𝐸
 ℏ

−
𝐸0

ℏ
)

2

+ (
𝛾𝑐𝑙

2 )
2

∞

−∞

𝜋𝑞2

2휀0𝑚𝑐
𝑑𝐸,  (Eq. 2.37) 

and 

𝑓12 =
𝜎0

𝜎0𝑐
⇒

2휀𝑚𝑐

𝜋ℏ𝑞2
𝜎0. (Eq. 2.38) 

 

2.5c. Nonradiative Rate Estimation 

2.5c.i. Exponential rate law assumptions.  

We summarize the nonradiative rate energy gap law as derived in Englman and Jortner 

(E&J) and shown in equation 2.6. E&J notes that internal conversion in large molecules closely 

resembles the mutiphonon relaxation in semiconductors. In short, the large number of vibrational 

frequencies resembles a quasicontinuum of transitions which can weakly couple the ground and 

excited states. They then derive the rate equations in two limits, the first applicable for systems 

with large Stokes shifts relative to the energy gaps (appropriate for systems with avoided crossing 

or conical intersections), and the other applicable with small Stokes shifts relative to the energy 

gap (relevant to our work). Within the latter limit, it is possible to evaluate the rate as defined 

below for first order perturbation theory (or Fermi’s Golden Rule). Therefore, the rate is as follows: 

𝑊 =
2𝜋

ℏ
∑ ∑ 𝑝(𝑠𝑖)|𝑉𝑠𝑖,𝑙𝑗|

2
𝛿(𝐸𝑠𝑖 − 𝐸𝑙𝑗)

𝑗

,

𝑖

 (Eq. 2.39) 
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where 𝑝(𝑠𝑖)is the occupation of a given mode on the excited state. They further simplify this 

equation to:  

𝑉𝑠𝑖,𝑙𝑗 ≈ 𝐶𝑆𝑠𝑖,𝑙𝑗 , (Eq. 2.40) 

where 𝐶 is the coupling term between ground and excited states, and 𝑆𝑠𝑖,𝑙𝑗 are the Franck Condon 

overlap factors: 

𝑆𝑠𝑖,𝑙𝑗 = ∏ ⟨𝑋𝑒,𝑡(𝑄𝑡
(𝑒)

, 𝜈𝑒,𝑡)|𝑋𝑔𝑡 (𝑄𝑡
(𝑔)

, 𝜈𝑔,𝑡)⟩ ,

𝑡

 (Eq. 2.41) 

where 𝑋(𝑒,𝑔)𝑡 (𝑄𝑡
(𝑒,𝑔)

, 𝜈(𝑒,𝑔),𝑡) are the excited or ground nuclear wavefunctions.  

C is derived in a previous paper,41 and is the total derivative or Hertzberg-Teller coupling,84,85 the 

largest perturbation to the Born-Oppenheimer approximation which couples ground and excited 

states. While this is challenging to calculate or experimentally determine, estimates typically range 

from 102 cm−1 to 104 cm−1 , for which we use 798 cm−1 and 1628 cm−1 in this chapter.  

 E&J arrive at a method for evaluating the Franck-Condon overlap factors through the use 

of the displaced harmonic oscillator model combined with a generating function method.86 Within 

the weak coupling limit (where the Stokes shift is small) they evaluate the summation using the 

method of steepest descent, arriving at the expression shown in equation 2.6. Within this estimate, 

they find that the highest energy vibration contributes the most to the summed overlap integral, 

which for organic molecules is typically the C-H stretch.  

To allow for clarity between E&J equation and the version used in the text in order to 

simplify and allow for it to be combined with radiative rate expressions. 
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E&J denotes the equation as: 

𝑘𝑛𝑟 =
𝐶2√2𝜋

ℏ√ℏ𝜔𝑀Δ𝐸
exp [−

Δ𝐸

ℏ𝜔𝑀
(ln (

2Δ𝐸

𝑑ℏ𝜔𝑀Δ𝑀
2 ) − 1)] , (Eq. 2.42) 

where, Δ𝐸 is the energy at the HOMO-LUMO gap, 𝜔𝑀 is the maximum vibration, 𝑑 is the number 

of degenerate or near degenerate modes, Δ𝑀  is the reduced displacement of the maximum 

transition. ℏ𝜔𝑀 and Δ𝐸 are changed to 𝐸𝑀 and 𝐸𝑔, respectively. The main changes are made to 

the 𝑑ℏ𝜔𝑀Δ𝑀
2  terms, as these relate to parameters to more spectroscopic variables.  

 We can relate these vibrational displacement parameters to the Stokes shift, 

𝐸𝑆𝑇, as a summation of all the vibrations coupled to the electronic transition: 

𝐸𝑆𝑇 = ∑ ℏ𝜔𝑗Δ𝑗
2 ≥ 𝑑ℏ𝜔𝑀Δ𝑀

2

𝑗

. (Eq. 2.43) 

We can thus recast the 𝑑ℏ𝜔𝑀Δ𝑀
2  as a proportion of the total Stokes shift, 𝛾𝑀 , such that 𝛾𝑀 =

𝑑ℏ𝜔𝑀Δ𝑀
2

𝐸𝑆𝑇
.  

Plugging into equation 2.42, we get the equation in the text: 

𝑘𝑛𝑟 =
𝐶2√2𝜋

ℏ√ℏ𝜔𝑀𝐸𝑔

exp [−
Δ𝐸

ℏ𝜔𝑀
(ln (

2𝐸𝑔

𝛾𝑀𝐸𝑆𝑇 
) − 1)] . (Eq. 2.44) 

We also tested if the Huang Rhys parameter of 0.1 for a C-H mode would be observable. Based  
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on a simple Frank Condon model, we see that under the ideal pessimistic scenario this peak could 

be resolved though the intensity is considerably under the background (Figure 2.11). Our results 

suggest that a 0.1 H-R coupled 3000 cm-1 vibronic feature is plausible under the absorption 

envelope.  

2.5c.ii. Impact of 𝛄𝒎 and 𝑪 on quantum yield  

In Figure 2.12, we test the how variance in γ𝑀 and 𝐶 affect the quantum yield fit (equation 

2.9). Decreasing both parameters, shifts the energy at which the quantum yield precipitously falls 

off further into the red as both parameters impact the amount of coupling to the vibrational 

relaxation manifold.  

 

Figure 2.11. Vibronic feature comparison. Comparison of a 3000 

cm-1 vibronic feature with an S=0.1 to a selection of dyes that are 

centered to their maximum peak energy. 
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Figure 2.12. Impact of 𝜸𝑴 or 𝑪 on the quantum yield with respect to energy gap. Plots showing 

the impact of changing (a) the degree to which the high frequency mode couples to the quantum 

yield (𝛾𝑚) and (b) the nonadiabatic coupling (𝐶) on the quantum yield while keeping the other 

value held constant. Scenario P represents the pessimistic case. 
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2.5d. EQME with Labelled Polymethine Dyes 

 

 

 

Figure 2.13. Labelled version of figure 2.5. Combined Energy Gap Law for optimistic and 

pessimistic cases, with a key for the points in Table 2.5.  
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Table 2.5. Key for Figure 2.13 

Label Dye Label Dye Label Dye 

1 IR-106126 19 835 37 5L5 in DCE33 

2 IR-2634 20 435 38 5H5 in DCE33 

3 1(Flav 7) 34 21 1035 39 6L6 in DCE33 

4 11(IR-27) 34 22 Flav326 40 6H6 in DCE33 

5 735 23 IR-12546 41 Rh82450 

6 535 24 IR-14046 42 Rh92350 

7 234 25 Cryptocyanine46 43 Rh109350 

8 434 26 ICG in PBS45 44 CX1 in CHCl3
51 

9 734 27 
ICG in 70:30 

EtOH:H2O
45 

45 CX2 in CHCl3
51 

10 534 28 HITC45 46 CX3 in CHCl3
51 

11 634 29 IR-80047 47 880 

12 834 30 FD-1080 in EtOH48 48 780 

13 934 31 BTC980 in DCE49 49 1080 

14 1034 32 BTC982 in DCE49 50 1180 

15 3(JuloFlav7)34 33 BTC1070 in DCE49 51 LZ-1060 in CH3OH32 

16 935 34 BTC980 in PBS49 52 LZ-1092 in CH3OH32 

17 235 35 BTC982 in PBS49 53 LZ-1105 in CH3OH32 

18 635 36 BTC1070 in PBS49 54 LZ-1118 in CH3OH32 
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2.5e. Derivation of Comparison Equation  

We desire a method to compare chromophores with different energy gaps. We observe that 

the log of the quantum yield varies linearly in the NIR and SWIR for our parameters. Therefore, 

we will use a linear model to develop an energy-gap independent quantum yield comparator.  

 We will assume that we have two chromophores, 𝑎 and 𝑏 with quantum yields 𝜙𝑎 and 𝜙𝑏, 

and energy gaps 𝐸𝑎 and 𝐸𝑏. Here, we define 𝜙𝑎
†
 as the prediction of what the quantum yield of 𝑎 

would be at 𝐸𝑏. We define improvement factor as 휁 =
𝜙𝑏−𝜙𝑎

†

𝜙𝑎
† . Values greater than zero indicate 

improvement relative to the energy gap law expectation. We can predict 𝜙𝑎
†
 is the quantum yield 

prediction of chromophore b given the molecular properties from chromophore a and the linear 

approximation of this energy gap law such that: 

ln(𝜙𝑎
†) = 𝜅(Δ𝐸) + ln(𝜙𝑎) (Eq. 2.45) 

and:  

𝜙𝑎
† = 𝜙𝑎𝑒𝜅Δ𝐸 , (Eq. 2.46) 

where Δ𝐸 = 𝐸𝑏 − 𝐸𝑎.  

Plugging back into our improvement factor we have the improvement factor as defined in the main 

text: 

𝜙𝑏

𝜙𝑎
𝑒−𝜅Δ𝐸 − 1. (Eq. 2.47) 

The slope 𝜅 can be found from taking the natural log of equation 2.8 leading to the following 

expression: 
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ln 𝜙(𝐸𝑔) = ln (1 +
3𝜖0𝑐2𝐶2

2
5
2𝜋

3
2𝜇12

2 𝑛𝐸𝑀

1
2 𝐸𝑔

7
2

exp [−
𝐸𝑔

𝐸𝑀
(ln

2𝐸𝑔

𝛾𝑀𝐸𝑆𝑇
− 1)])

−1

. 

 

(Eq. 2.48) 

Combining constants, we arrive at: 

ln 𝜙(𝐸𝑔) = ln (1 + 𝑎𝐸𝑔

−
7
2 exp[−𝑏𝐸𝑔(ln(cEg) − 1)])

−1

. 

 

(Eq. 2.49) 

If the second term in equation 2.46 is larger than 1, (true for low QY samples), we consider the 

following equation which we will take the derivative of to find the slope: 

dln 𝜙(𝐸𝑔)

dEg
 =

d

dEg
(−ln (𝑎𝐸𝑔

−
7
2 exp[−𝑏𝐸𝑔(ln(cEg) − 1)])). (Eq. 2.50) 

upon simplification, we reach: 

dln 𝜙(𝐸𝑔)

dEg
 =

7

2𝐸𝑔
+ 𝑏(ln(𝑐𝐸𝑔). (Eq. 2.51) 

Assuming that 𝛾𝑀 = 1 we arrive at the following expression:  

dln 𝜙(𝐸𝑔)

dEg
= 𝜅 =

7

2𝐸𝑔
+

1

𝐸𝑀
(ln (

2𝐸𝑔

𝛾𝑀𝐸𝑆𝑇
) . (Eq. 2.52) 

We show that 𝜅 slightly overestimates the numerically evaluated slope in Figure 2.14 from 950 to 

1200 nm This indicates that our numbers evaluate a conservative estimate of improvement 
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2.5e.i. Enhanced worked example  

 In Figure 2.15 we compare dyes 2–4 (common names, IR-26, Flav7, and IR-27, 

respectively). While all of the dyes have identical methine bridges, they differ in their heterocycle, 

which leads to large changes in quantum yield and absorption energy. For simplicity, we chose  

dye 2 to be chromophore a. When we plug in 
𝐸𝑔,𝑎

𝛼𝐸
= 9107 cm−1, 𝛾𝑀 = 1,

𝐸𝑆𝑇

𝛼𝐸
=

298.7 cm−1𝑎𝑛𝑑
𝐸𝑀

𝛼𝐸
= 3000 cm−1 into equation 2.11 or 2.44 and reproduced below , 𝜅𝛼𝐸  0.0014 

cm, for this analysis.  

Figure 2.14. EQME slope versus the 𝜿 estimation. Comparison 

of the slope estimation described above to a numerical derivative 

of the natural log of the slope and the inverse of the nonradiative 

rate. 
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 IR-26 is the reddest chromophore in our dataset (𝜆𝑚𝑎𝑥 = 1080 , 𝜙𝐹 = 5 × 10−4), while 

IR-27 substitutes the oxygen for sulfur in the heterocycle, resulting in a 93 nm blueshift and an 

increase in quantum yield 𝜙𝐹 = 3.2 × 10−3. Previously, we hypothesized that the improvement 

in quantum yield arises from a decreased heavy atom effect, leading to lower intersystem crossing 

rates.26 However, to fully assess this claim we need to deconvolute the effect of the change in 𝐸𝑔 

in resultant 𝜙𝐹. Using values defined above and 
𝐸𝑔,𝑏

𝛼𝐸
= 100011 cm−1 into equation 2.10 or 2.47 

We find that the energy gap independent improvement factor for IR-26 to IR-27 of 𝜉 = 0.9, i.e., 

IR-27 is 1.9 times (𝜉 + 1) more emissive, even when adjusted for its blue-shifted energy gap, still 

an improvement, but considerably less impressive than the apparent 𝜒 = 6 improvement factor. 

Flav7 adds an additional dimethyl amino group and replaces sulfur in the IR-26 scaffold. These 

structural changes both increase the quantum yield to 6.1 × 10−3and blue shift the chromophore 

53 nm, leading to a direct improvement of 𝜒 = 11.2 in 𝜙𝐹 relative to IR-26. However, the adjusted 

improvement is only 𝜉 = 4.6.  
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2.5e.ii. Comparison relative to IR-27 (dye 4)  

We compared all the dyes with an energy gap above 950 nm (7-methine family) in the main 

text to Dye 4 (Figure 2.16 and Table 2.3). These results confirm that the energy gap dependence 

can account for significant improvements in QY. We note that scaffolds that remove alkenyl C-H 

stretches compared to Dye 3, especially removal of the 2-position phenyl group (5, 6), seem to 

improve even with energy gap. 

 

 

Figure 2.15. Worked out example of the energy gap 

independent parameter. IR-26, IR-27 and Flav7 show increasing 

quantum yields. To compare these dyes, we apply an energy gap 

independent comparator, 𝜉, which factors in the change in 𝐸𝑔.  
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2.5f. Overcoming Energy Gap Laws  

2.5f.i. Enhancement from changing maximum vibrational stretch comparing parameters 

We show how our methods of improvement changed depending on our pessimistic 

(scenario P) compared to our optimistic (scenario O) parameter. Given that only changing the 

maximum energy vibronic stretch impacted the location of maximum enhancement that is 

produced in Figure 2.14. Decreasing γ𝑚 and 𝐶 compared to scenario P both redshifted our peak 

enhancement to the red as well as decreasing the amount of enhancement (Figure 2.17). For the 

change in transition dipole, we see a similar trend, where the onset of the increase in enhancement 

is redshifted. Thus, experimental verification of γ𝑚 and 𝐶 is necessary to fully understand the full 

impact of changing the maximum vibrational character on quantum yield. 

Figure 2.16. Energy gap independent parameter using Dye 4 as the standard. Simplified energy 

gap law assuming that dye 4 is the point of comparison for the 16 dyes analyzed in the manuscript 

table with values below. 
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2.5f.ii. Synthesis and characterization of dye 3’ and 3” 

 General synthetic procedures. Chemical reagents were purchased from Sigma-Aldrich 

(cyclohexanone, acetyl chloride and phosphoryl chloride), Fisher Scientific (solvents, sodium 

acetate and acetic anhydride), TCI America (aniline), and Cambridge Isotope Laboratory 

(deuterated compounds). 7-(Dimethylamino)-4-methyl-2-phenylchromenylium tetrafluoroborate 

(S2) was synthesized according to published procedure.34 THF was dispensed from a Grubb’s-type 

Phoenix Solvent Drying System constructed by JC Meyer. Nuclear magnetic resonance (1H NMR, 

13C NMR) spectra were taken on a Bruker DRX500 or AV500 spectrometer. All chemical shifts 

in 1H NMR and 13C NMR are reported in the standard notation of ppm relative to residual solvent 

Figure 2.17. Impact of deuteration based on different 

EQME conditions. Enhancement by switching all 

Evib from C-H stretch to C-D stretch for scenario O and P. 
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peak (DMSO-d6 H=2.50, C=39.52). High resolution mass spectrometry was acquired on a Thermo 

Scientific Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™  with Dionex UltiMate™ 3000 

RSLCnano System. Absorption spectra were collected on a JASCO V-770 UV–visible/NIR 

spectrophotometer after blanking with the appropriate solvent. Photoluminescence spectra were 

obtained on a Horiba Instruments PTI QuantaMaster™ Series fluorometer equipped with InGaAs 

detector. Samples were dissolved in HPLC grade CH2Cl2 and measured in Quartz cuvettes (2 mm 

× 10 mm) for absorption and photoluminescence measurements. All spectra were obtained at 

ambient temperature. 

 Synthesis of N-((2-chloro-3-((phenylimino)methyl-d)cyclohex-2-en-1-ylidene)methyl-

d)aniline hydrochloride salt (S1; Figure 2.18): N,N-Dimethylformamide-d7 (1.00 g, 12.5 mmol, 

2.5 equiv.) was cooled in ice bath and phosphoryl chloride (1.0 mL, 11 mmol, 2.2 equiv.) was 

added dropwise. The mixture was stirred for 0.5 h to form a white, thick suspension. To this 

mixture was added cyclohexanone (0.52 mL, 5.0 mmol, 1.0 equiv.) and the mixture was heated at 

90 °C for 1 h. After cooling to room temperature, aniline (0.91 mL, 9.9 mmol, 2.0 equiv.) was 

added and further stirred for 1 h. The dark red mixture was transferred into a separatory funnel, 

diluted with H2O (50 mL) and neutralized with NaHCO3. The aqueous phase was extracted with  

 

 

Figure 2.18. Synthesis of S1. 

CH2Cl2 (3 × 50 mL). The combined organic layer was dried (Na2SO4), concentrated and purified 

by column chromatography (1:10 ethyl acetate / hexanes). Collected yellow fractions were 
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acidified by dry HCl in MeOH prepared by dissolving acetyl chloride (0.36 mL, 10 mmol, 2.0 

equiv.) in MeOH (5 mL), concentrated to dryness and further washed with diethyl ether to afford 

S1 as a dark red solid (454 mg, 1.26 mmol, 25%). Rf = 0.7 in 1:2 ethyl acetate/hexanes. 1H NMR 

(500 MHz, DMSO-d6) δ 11.61 (s, 2H), 7.64 (d, J = 8.4 Hz, 4H), 7.44 (q, J = 7.3 Hz, 4H), 7.25 (t, 

J = 7.4 Hz, 2H), 2.77 (t, J = 6.0 Hz, 4H), 1.87–1.78 (m, 2H) (Figure 2.19). 13C NMR (126 MHz, 

DMSO-d6) δ 139.6, 129.7, 126.2, 119.0, 114.9, 48.6, 24.9, 19.5. HRMS (ESI+) m/z calculated for 

C20H18D2ClN2
+ [M+H+]: 325.1435, found 325.1433 (Figure 2.19). 
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Figure 2.19. 1HNMR of S1 (top) and 13CNMR of S1 (bottom). 
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 Synthesis of 4-(2-(2-Chloro-3-(2-(7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-7-(dimethylamino)-2-phenylchromenylium 

tetrafluoroborate-d2 (3’; Figure 2.20): To a 4 mL vial containing S1 (31 mg, 0.085 mmol, 0.45 

equiv.), S2 (66 mg, 0.19 mmol, 1.0 equiv.) and sodium acetate (46 mg, 0.56 mmol, 3 equiv.) was 

added 3:7 butanol / toluene (2 mL) followed by immediate freeze-pump-thaw × 3. The mixture 

was stirred at 100 °C under N2, cooled and concentrated to dryness. The dark mixture was 

separated by column chromatography (1:50 EtOH/CH2Cl2) to give 3’ as a dark purple solid (17 

mg, 0.022 mmol, 27%). 1H NMR (500 MHz, DMSO) δ 7.99 (s, 6H), 7.61 – 7.50 (m, 6H), 7.45 (s, 

2H), 6.90 (s, 2H), 6.85 (d, J = 9.0 Hz, 2H), 6.65 (s, 2H), 3.08 (s, 12H), 2.76 (s, 4H), 1.88 (s, 2H). 

Absorbance (CH2Cl2): 523, 917, 1027 nm. Absorption coefficient 휀𝑚𝑎𝑥 = (2.3 ±  0.1) ×

105 M−1cm−1= (n = 2, average ± range) Emission (CH2Cl2, ex. 900 nm): 1053 nm (Figure 2.21). 

HRMS (ESI+) m/z calcd for C44H38D2ClN2O2
+ [M+]: 665.2898, found 665.2907 (Figure 2.22). 

 

 

 Figure 2.20. Synthesis of 3'. 
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Figure 2.21. 1HNMR of 3'. 

Figure 2.22. Mass spectra 3'. 
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 Synthesis of 4-(2-(2-Chloro-3-(2-(7-(dimethylamino)-2-phenyl-4H-chromen-4-

ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-7-(dimethylamino)-2-phenylchromenylium 

tetrafluoroborate-d2-4 (3”; Figure 2.23): S2 (50 mg, 0.14 mmol, 1.0 equiv.) and sodium acetate 

(35 mg, 0.43 mmol, 3.0 equiv.) were dissolved in D2O (1.3 mL) and dry THF (1.3 mL) followed 

by immediate freeze-pump-thaw × 3. The mixture was heated at 40 °C under N2 for 4 h. The 

solvent was then lyophilized, and this procedure was repeated to maximize deuterium exchange. 

At this point, mass spectra suggest >80% methyl hydrogen atoms were exchanged to deuterium 

atoms. To the dried mixture was added S1 (23 mg, 0.064 mmol, 0.45 equiv.) and acetic anhydride 

(3 mL) followed by immediate freeze-pump-thaw × 3. The mixture was stirred at 75 °C under N2 

for 15 min, cooled and concentrated to dryness. The dark mixture was washed with toluene and 

separated by column chromatography (1:75 EtOH/CH2Cl2) to give 3” as a dark purple solid (8.0 

mg, 0.011 mmol, 17%). Rf = 0.5 in 1:10 EtOH/CH2Cl2. 
1H NMR (500 MHz, DMSO-d6) δ 8.17 (d, 

J = 6.3 Hz, 6H), 7.67 (s, 2H), 7.62 – 7.59 (m, 6H), 7.10 (s, 2H), 7.01 (d, J = 9.3 Hz, 2H), 6.86 (s, 

2H), 3.16 (s, 12H), 2.87 – 2.81 (m, 4H), 1.93 – 1.87 (m, 2H). Absorbance (CH2Cl2): 524, 916, 

1027 nm. 휀𝑚𝑎𝑥 = (2.3 ±  0.1) × 105 M−1cm−1 (n =  2, average ±  range). Emission 

(CH2Cl2, ex. 900 nm): 1056 nm (Figure 2.24). HRMS (ESI+) m/z calculated for C44H38D2ClN2O2
+ 

[M+]: 665.2898, found 665.2903; isotopic pattern suggests 72% d2-, 15% d3- and 12% d4-product 

(Figure 2.25). 

 

 

Figure 2.23. Synthesis of 3". 
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Figure 2.25. Mass spectra of 3". 

Figure 2.24. 1HNMR of 3”. 
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2.5f.iii. Comparison of dyes 3, 3’, and 3” spectral properties 

Absorption and emission data to compare how deuteration of the scaffold impacts spectral 

properties show good overlap near the HOMO-LUMO gap (Figure 2.26).  

 

2.5f.iv. T-test and error propagation 

For all t-tests, we used an independent samples t-test, with different variances. We used a 

population of one and the assumption that our error propagation in the text was for 95 percent 

confidence and used only one degree of freedom when converting the t-value. Additionally, for 

the total rate error, we used the confidence interval from the fitting. Table 2.6 shows the deviation 

used for the t-tests.  

Figure 2.26. Steady state spectra of dye 3, 3’, and 3”. 

Normalized absorption and emission of dye 3’, and 3” show 

a minimal peak shifting. 
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2.5g. 50% Quantum Yield Scaffold Comparison 

To compare across scaffolds, we numerically solve for when EQME equals 0.5 i.e., when 

𝑘𝑛𝑟 = 𝑘𝑟. For all points we use 𝑛 = 1.5, 𝐶 = 1000 𝑐𝑚−1, 𝐸𝑀 = 3000 𝑐𝑚−1, and 𝛾 = 1. For the 

other dye classes, we found transition dipole moments using equation 2.3. Examples for each 

chromophore class are shown in Table 2.7. 

 

 

 

 

 

 

 

 

 

 

 

Table 2.6. Errors Used in t-tests 

Dye 𝐤𝐭𝐨𝐭 𝐞𝐫𝐫𝐨𝐫 𝐤𝐫 𝐞𝐫𝐫𝐨𝐫 𝐤𝐧𝐫 𝐞𝐫𝐫𝐨𝐫 

𝟑 3.2 × 107 2.9 × 106 3.2 × 107 

𝟑′ 3.7 × 107 4.5 × 106 3.7 × 107 

𝟑′′ 4.3 × 107 7.0 × 106 4.4 × 107 



74 
 

Table 2.7. Values of Other Dye Scaffolds for Comparison Method 

Dye Class Dye 𝝁𝟏𝟐 𝑬𝑺𝑻 (𝒄𝒎−𝟏) 

Squaraines    

 SQA68 10.6 190 

 SQA2 -r68 13.3 100 

BODIPY    

 BODIPY 2 Cl69 9.9 585 

 BODIPY 2O69 8.5 571 

 BODIPY 2 S69 9.2 570 

 BODIPY 2Se69 9.6 580 

 BODIPY 2Te69 8.5 776 

 PM546 (BODIPY)67 7.1 461.4 

Fluorescein    

RFL butyl70 8.5 806 

 5COOH70 8.1 916 

 6 COOH70 8.1 806 

 5 SCN70 8.0 1013 

 SCN70 8.0 973 

FLX2 Cl70 8.2 840 

 Br70 8.2 843 

 I70 8.5 769 

 H70 8.3 843 

FLX4 Cl70 8.2 639 

 Br70 8.5 802 

 Br Na Et70 8.7 738 

 I70 8.6 827 

R4FLX4 R=Cl X=H70 8.6 639 

 R=Cl, X=I70 8.7 623 

 R=Br, X=Cl70 9.5 704 

 R=H, X=Cl70 8.4 639 

 



75 
 

2.5h. Solvent Deuteration Impact on Fluorescence Lifetime.  

 To analyze O-H overtone stretch impact on lifetime of a SWIR polymethine dye, we took 

fluorescence lifetimes of IR-1061 in ethanol (EtOH) and ethanol-d1 (EtOD) with 785 laser light 

(IRF, 80 ps, Figure 2.27). Deuteration of the O-H stretch increased the lifetime from 14 ± 1 to 

25 ± 1 𝑝𝑠 is in part indicative of suppression of nonradiative rate. Quick photodegradation of IR-

1061 made relative quantum yield measurements difficult. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.27. Impact of solvent deuteration on fluorescence lifetime. Graph 

represents fluorescence lifetime of IR-1061 in ethanol and ethanol-d1. 
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Chapter 3 

The Optimization Problem for Shortwave Infrared 

Fluorescence Chromophores 

3.1 Introduction 

Penetrative biological fluorescence imaging requires two considerations, the ability of light 

to excite the chromophore of interest, and the amount of emitted light that exits the tissue without 

being absorbed or scattered. Shortwave infrared light (SWIR, 1000-2000 nm, Figure 3.1a) is 

privileged along both dimensions, owing to the decreased scattering of longer wavelength photons, 

and the lack of natural interfering sources of absorption and emission (autofluorescence). 

However, this lack of natural chromophores hints at the challenge of producing organic 

chromophores that fit the needs of the imaging community.87,88 Simply put, the design parameters 

that govern highly redshifted electronic absorption and high quantum yield emission are non-

obvious, and often unpredictable. 

This chapter aims to provide a chemical physics informed basis of comparison of 

brightness across different fluorophore classes which access the near or shortwave infrared, with 

a focus on the photophysical constraints required by penetrative biological imaging. We focus very 

broadly on the question of chromophore “brightness”, a quantity defined as the maximum 

absorption cross section (휀𝑚𝑎𝑥) multiplied by the quantum yield (𝜙𝐹). Brightness (here Ωmax ) is 

a valuable metric for in vivo imaging because it connects volume/dosage of fluorophore to the 

subsequent photon economy, i.e., the input/output of photons in an imaging system. Our goal is to 

illustrate the interplay between energy gap, 𝐸𝑔, vibrational relaxation energy, transition dipole 
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moment, 𝜇21, and to discuss design strategies and tradeoffs for maximizing brightness (Figure 

3.1b). Chromophore photophysics is defined by measured quantities, including 

structure/molecular weight, absorption spectrum, Stokes shift, fluorescent lifetimes and quantum 

yields. Relating foundational properties to each of these parameters is a requirement of optimizing 

imaging materials.  

 Figure 3.1. Introduction to brightness in the NIR/SWIR. 

(a) Representation of the Vis-NIR-SWIR spectra in 

nanometers. (b) Illustration of absorption and fluorescence 

spectra assuming that they are  Gaussians and the pathway from 

steady state measurements to brightness.  
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Figure 3.2. Structures of NIR/SWIR fluorophores. 

Structures of NIR/SWIR dyes discussed in Table 3.1. 
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Different organic SWIR chromophore frameworks are illustrated in Table 3.1 and Figure 

3.2. Flav7 and LZ-1105 are polymethine dyes, with sub-1000 𝑐𝑚−1 Stokes shift. 31d is a squaraine 

dye with even smaller Stokes shift than the polymethine dyes. The donor-acceptor dye (DAD), 

IRFP8P, and diradicaloid 3 have much larger Stokes shifts than squaraine or polymethine dyes. 

Lead sulfide (PbS) quantum dots have orders of magnitude higher quantum yields compared to 

organic chromophores in the SWIR but lower molar absorption coefficients at the first excitonic 

peak than polymethine and squaraine dyes, especially when normalized by unit cell. Immediately, 

a few trends appear obvious. For organic dyes, the Stokes shift is inversely correlated with higher 

brightness, with Flav7, LZ-1105, and the squaraine 31d having a Ω𝑚𝑎𝑥  at least an order of 

magnitude larger than the donor-acceptor and diradicaloid dyes, due to a higher 휀𝑚𝑎𝑥. Lead sulfide 

nanocrystals with higher quantum yields still have higher brightness than organic chromophores, 

on a per dot basis, but their brightness on a per unit cell level is closer to that of the diradicaloid 

and donor-acceptor dyes. This chapter will primarily focus on organic chromophores given their 

applicability to in vivo applications.  
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Table 3.1. Photophysical Properties of Select NIR/SWIR Fluorophores of Different Classes 

Fluorophore 
𝐸𝑔 

(𝑐𝑚−1) 

𝜆𝑚𝑎𝑥 

(𝑛𝑚) 

𝐸𝑆𝑇 

(𝑐𝑚−1) 

휀𝑚𝑎𝑥 
(𝑀−1 𝑐𝑚−1)  

𝜙𝐹 

(× 10−2) 
Ω𝑚𝑎𝑥 

(𝑀−1𝑐𝑚−1) 
cit. 

Flav7 

(polymethine) 
9617 1027 240 241000 0.61 1470 34 

LZ1105 

(polymethine) 
9328 1041 556 101000 1.69 1710 52 

Diradicaloid 3 9186 1023 1177 ~80000 0.43 ~343 89 

31d 

(squaraine) 
11063 897 171 271000 0.8 2170 7 

IRFP8P 

(DAD 

thiophene) 

11492 748 3754 13000 0.6 78 90 

PbS 

(per dot at peak) 

(per unit cell) 

9255 1130 766 
 

88000 
1060 

27 
22002 

286 
29,91 

 

3.2 Defining Maximum Brightness  

In its most fundamental form maximum brightness is:  

Ω𝑚𝑎𝑥 = 휀𝑚𝑎𝑥 × 𝜙𝐹 , (Eq. 3.1) 

where: 

휀𝑚𝑎𝑥 = 𝑔(𝐸max) × ∫ 휀(𝐸) 𝑑𝐸, (Eq. 3.2) 

and 𝑔(𝐸) is a lineshape function and the integral is over the 𝑆0 → 𝑆1 transition: 

∫ 휀(𝐸) =
log10 𝑒 𝑁𝐴

1000

𝑔2𝜋𝐸𝑔

3𝑔1𝜖0𝑛ℏ2𝑐
|𝜇21|2. (Eq. 3.3) 

To find a maximum value for 휀 , we need to define a generic line shape function to 

approximate trends. We will use a single Gaussian to be agnostic to coupling to specific Frank-

Condon modes (and other effects which are molecule specific):  
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𝑔(𝐸) =
1

√2𝜋〈𝐸2〉
𝑒𝑥𝑝 [−

1

2

(𝐸 − 𝐸𝑔 − 〈𝐸〉)
2

〈𝐸2〉
]. (Eq. 3.4) 

To use this, we must create an “equivalent” Gaussian lineshape that represents the absorption 

linewidth without considering specific high-frequency vibrations. We will thus assert the high 

temperature approximation, which asserts that the spectral shift on the excited state (the 

reorganization energy) is equal to the thermally averaged distribution of accessible vibrational 

states, i.e., 〈𝐸〉 = √〈𝐸2〉. For this to work, we will define the reorganization energy as half the 

energy difference between the barycenters of absorption and emission, 𝐸𝑏𝑐 (contrary to our prior 

definition of ½ the Stokes shift, 𝐸𝑆𝑇 ).92 The barycenters are the intensity averaged 

absorption/fluorescence energies which means it takes into account all vibrational states 

accessible. The difference between 𝐸𝑏𝑐 and 𝐸𝑆𝑇 in both value and effect on gaussian lineshape is 

illustrated in Figure 3.3. For Flav7 the value for 𝐸𝑏𝑐 is 964.5 𝑐𝑚−1,while the 𝐸𝑆𝑇 is 298.7 𝑐𝑚−1 

(Figure 3.3a). The “equivalent” Gaussian lineshape is: 

 

𝑔(𝐸) =
2

𝐸𝑏𝑐√2𝜋
𝑒𝑥𝑝 [−2

(𝐸 − 𝐸𝑔 −
1
2 𝐸𝑏𝑐)

2

𝐸𝑏𝑐
2 ]. (Eq. 3.5) 

As we are only interested in the maximum value of brightness, the maximum value for this line 

shape function is:  

𝑔(𝐸)𝑚𝑎𝑥 =
2

𝐸𝑏𝑐√2𝜋
. (Eq. 3.6) 

 

We shall also recast the combined energy gap law from Chapter 293 using the barycenter definition:  
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𝜙𝐹(𝐸𝑔) = (1 + 𝐾
𝐶2

𝑛𝜇21
2 (𝐸𝑀𝐸𝑔

7)
1
2

exp [−
𝐸𝑔

𝐸𝑀
(ln

2𝐸𝑔

𝛾𝑀𝐸𝑏𝑐
− 1)])

−1

,  (Eq. 3.7) 

 where 𝐾 = (
3𝜖0𝑐2

(25𝜋3)1/2 
), highest energy vibrational stretch 𝐸𝑀 = 3000 𝑐𝑚−1, and the proportion 

of 𝐸𝑏𝑐 due to 𝐸𝑀, is 𝛾𝑀 (which should be smaller using the barycenter definition). 

Plugging in equations 3.2, 3.3, 3.6, plus the combined energy gap law equation (EQME, 

equation 3.7) into equation 3.1, we arrive at: 

𝐵𝑚𝑎𝑥 = 𝐿
𝜇21

4 (𝐸𝑀𝐸𝑔
9)

1/2

𝐸𝑏𝑐 (𝑛 𝜇21
2 (𝐸𝑀𝐸𝑔

7)
1/2

 + 3√2𝜋3 𝜖0(ℏ𝑐)3𝐶2 exp [−
𝐸𝑔

𝐸𝑀
(ln

2𝐸𝑔

𝛾𝑀𝐸𝑏𝑐
− 1)])

, (Eq. 3.8) 

 

where 𝐿 =
𝑔2

𝑔1

√2𝜋𝑁𝐴 log10 𝑒

3000𝑐𝜖0ℏ2  .  Though both EQME and brightness will be dominated by the 

exponential dependence of nonradiative rate on 𝐸𝑔, brightness changes should be less stark than 

for quantum yield given the additional transition dipole moment and energy gap terms in the 

numerator. One can make some general observations about the tradeoffs in brightness. Firstly, 

smaller barycenter shifts have stronger than an inverse relationship with brightness, influencing 

both the nonradiative rate and the linewidth (and thus the maximum absorption cross section). 

Second, increasing transition dipole moments (𝜇21) will increase brightness’s dependence on 

transition dipole moment from quadratically to quartically, depending on the energy gap and 

highest frequency mode. Taken together, this strongly implies high transition dipole moments and 

small Stokes shifts should be privileged for achieving a high brightness for a given energy gap. 

This notion is supported by in-extant chromophores (see Table 3.1).  
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Figure 3.3. 𝑬𝑺𝑻  and 𝑬𝒃𝒄  and their impact on “equivalent” 

Gaussian lineshape. (a) Illustration of the difference between 𝐸𝑏𝑐 

and 𝐸𝑆𝑇 for Flav7 absorption and emission spectra. (b) Comparison 

of absorption of Flav7 to an “equivalent” Gaussian lineshape under 

the assumption that vibrational reorganization energy is 0.5𝐸𝑏𝑐  or 

0.5𝐸𝑆𝑇 . The use of 𝐸𝑏𝑐  provides a more comparable 휀𝑚𝑎𝑥  to the 

experimental absorption. 
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3.3. Using “Particle in a Box” to Determine 𝝁𝟐𝟏 

In Chapter 2, we observed a relationship between electron donating character on both the 

bandgap and transition dipole moment of 7-methine flavylium polymethine dyes, both following 

a “particle in a box”-like behavior. Here, we add a discussion of how treating molecules within 

this limit affects brightness. We adapt Kuhn’s “particle in a box” analysis for symmetric cyanine 

dyes with the trans configuration along the polymethine chain.8 This model assumes the cyanine 

limit or that there is no symmetry breaking with longer chains, which leads to more polyene 

character in the molecular system.94 Both symmetry breaking and cis-structural components will 

lead to lower values for transition dipole moments. First, the energy gap for the “particle in a box” 

is as follows: 

𝐸 =
ℎ2

8𝑚𝑁2𝑙2
(𝑁 + 1), (Eq. 3.9) 

and the transition dipole moment is: 

 

𝜇21 =
4𝑒𝑐𝑁𝑙

𝜋2
cos (

𝛽

2
)

𝑁(𝑁 + 2)

(𝑁 + 1)2
 , (Eq. 3.10) 

 

 where 𝑁 is the number of 𝜋 electrons in the transition, 𝑙 is 1.39 × 10−8𝑐𝑚 or the bond length of 

chained elements with a bond number of 1.5, and 𝛽 is the difference of the bond angle from 180° 

or 56°. We can relate the number of double bonds in a polymethine chain to the number of 

𝜋 electrons as 𝑗 =
𝑁

2
− 1 . 

Unsurprisingly, based on the relationship between the energy gap and the number of 𝜋 

electrons or double bonds, 7-methine chromenylium dyes are between 𝑗 = 7 to 8 , where the 
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shortest path counting the 7-methine chromenylium family is 𝑗 = 7, while a 7-methine cyanine 

structure would have 𝑗 = 5. This further supports the previous assumption that the chromenylium 

ring donates additional electrons than a cyanine of comparable methine bridge length. Using 

equations 3.8 and 3.10, we can estimate the maximum brightness given a specific energy gap 

(Figure 3.4). For a constant 𝐸𝑏𝑐 = 964.5 𝑐𝑚−1, brightness peaks in the red of the electromagnetic 

spectrum at 15312 𝑐𝑚−1 or approximately 11 electrons in the transition, corresponding to a Cy7 

dye.  

3.4. Maximizing Quantum Yield and Brightness for a Specific Energy of 

Fluorescence 

One key difference between dye types is changes in vibrational displacement. In prior work 

we have characterized this as a proportion of the total Stokes shift, which is a more accessible 

value in the literature. Here, we ask the question, for a fixed emission energy: Does having a larger 

Figure 3.4. Impact of brightness based on energy 

using Kuhn’s “particle in a box” model. Dyes are 

assumed to remain in the cyanine limit and a constant 

𝐸𝑏𝑐 of 964.5 cm-1. Brightness under these conditions 

maximizes around 5 double bonds.  
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Stokes shift (and thus smaller 𝐸𝑔) outweigh the other energy gap laws that contribute to decreased 

photoluminescence in the SWIR? Herein, we shall assume that all our molecules will be Gaussian 

in character such that 𝐸𝑆𝑇 = 𝐸𝑏𝑐 for the sake of this simple model and thus 𝐸𝑔 = 𝐸𝐹 +
1

2
𝐸𝑏𝑐. We 

calculate the nonadiabatic coupling or C in equation 3.9 as is done in Chapter 2. Using 𝐸𝑏𝑐 instead 

of 𝐸𝑆𝑇  leads to 𝐶 = 263 𝑐𝑚−1 which will be kept constant. In Figure 3.5, we show the effect of 

𝛾𝑀 (the proportion of 𝐸𝑏𝑐 from the maximum vibrational energy 𝐸𝑀), fluorescence energy, and the 

treatment of transition dipole moment (as either a constant or following Kuhn’s formalism as 

described in Section 3.3). First, our hypothesis that either ϕ𝐹  or maximum brightness will be 

higher for larger select 𝐸𝑏𝑐 only held for 𝜙𝐹 at very small 𝛾𝑀 (Figure 3.5). To put the amount of 

coupling of the maximum vibrational mode to 𝐸𝑏𝑐 shift into perspective, the coupling would equal 

𝛾𝑀 × 𝐸𝑏𝑐,𝐹𝑙𝑎𝑣7 = 48 𝑐𝑚−1 in energy or would have a Huang Rhys factor, S, of 0.008, which is 

small. Even without an inflection point, quantum yield and brightness are most impacted by 

changes in 𝐸𝑏𝑐 at smaller values of 𝐸𝑏𝑐. In Figure 3.5, we include a line representing the 𝐸𝑏𝑐 of 

Flav7 to represent the 𝐸𝑏𝑐  of a molecule with smaller vibrational reorganization energy. This 

shows that at higher 𝐸𝑏𝑐 the trade-off between increasing the separation of the absorption and 

emission energies and loses to quantum yield and brightness diminishes, which may be worthwhile 

in some applications.   

 Within a scaffold type how can we adjust Stokes shift? For symmetrical polymethine dyes, 

substitution off the polymethine backbone with an amine group changes the Stokes shift by tuning 

the ratio between cyanine-like and bis-dipolar confirmations.95,96 This method will also impact the 

transition dipole moment, such that increasing the Stokes shift or the adiabatic vibronic coupling 

with also deleteriously impact the brightness for both the radiative and nonradiative rates. Next we 

will discuss a proposed pathway for decreasing vibrational reorganization energy.  
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Figure 3.5. Overall brightness and quantum yield are maximized at small vibrational 

displacements. Quantum yield and brightness with respect to different 𝐸𝑏𝑐 for a set 𝐸𝐹 for constant 

𝜇21 = 18 𝐷 (a,b) and for 𝜇21 solved from equation 3.10 (c,d). Overall, for smaller 𝛾𝑀, the decrease 

with respect to 𝐸𝑏𝑐 shallows toward an inflection point. Additionally, energy gap dependence on 𝜇21 

decreases the difference between different 𝐸𝐹 on final 𝛺𝑚𝑎𝑥 and 𝜙𝐹.  
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3.5. Deuteration Impacts on Brightness 

Table 3.2. Deuteration Impact on Quantum Yield and Brightness for Polymethine Dyes.  

 𝐸𝑔 

(𝑐𝑚−1) 

𝐸𝑆𝑇 

(𝑐𝑚−1) 

휀𝑚𝑎𝑥 

(𝑀−1 𝑐𝑚−1) 
 

Ω𝑚𝑎𝑥 

(𝑀−1 𝑐𝑚−1) 
 

𝜙𝐹 

(× 10−2) 
 

cit.  

Flav7a 9617 267.7 240000 1470 ± 50 0.61 93 

Flav7-m-d2 a 9626 267.7 230000 1449 ± 93 0.63 93 

Flav7-m-d2.12 a 9626 267.7 230000 1518 ± 137 0.66 93 

Flav7-Ar-d10 a 9630 213 − − − − − 0.67  

ICG b 12386 383.5 224000 37000 ± 5550 16.7 97 

ICG-d5 b 12410 400.3 253000 49000 ± 7350 19.8 97 

ICG-d7 b 12410 369.5 228000 48000 ± 7350 20.8 97 
aDCM is used as solvent. bDMSO is used as solvent. 

 

Another proposed way to impact the vibrational reorganization energy is through 

deuteration by reducing the number of high energy C-H vibrational modes. Deuteration of the 

polymethine scaffold in dyes have previously shown slight improvements in quantum yield and 

brightness.93,97 Interestingly for all scaffold-based deuterium substitution in both ICG and Flav7 

there is no trend in a change of Stokes shift, which here we will use as the steady state proxy for 

vibrational coupling. Thus, more nuanced vibrational analysis may help elucidate these deviations 

via resonance Raman or femtosecond coherence spectra.98 To further test prior work that C-H 

vibrations that take part in the transition are privileged,64 we designed a Flav7 dye with the phenyl 

rings deuterated, Flav7-Ar-d10, instead of along the polymethine scaffold, Flav7-m-d2 and Flav7-

m-d2.12 (Figure 3.6 a). In this case, we still observe an increase in quantum yield upon deuteration.  

Similarly, Flav7-Ar-d10’s total decay rate (1.4 × 1010) and its nonradiative rate are the only two 

rates that are statistically different compared to the entirely protonated Flav7 (Figure 3.6). 

However, for Flav7-Ar-d10, the quantum yield, nonradiative rate, and total decay rate are only 

slightly higher than the Flav7-m-d2.12 dye. This slight improvement, despite more deuterium 

inclusion in Flav7-Ar-d10, is indicative that the deuterium inclusions on the scaffold are more 
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important to vibrational coupling associated with internal conversion (Figure 3.6). On the other 

hand, for rhodamines and other small molecules, deuteration of the amino groups attached to the 

3 and 6 position on the xanthene backbone increases the molar absorption coefficient, quantum 

yield or both. This is through the reduction of electron donation strength of the substituent 

suppressing the twisted internal charge transfer or the stronger C-D bond decreasing 

dealkylation.99  To test for suppression of twisted internal charge transfer, temperature dependent 

fluorescent and time resolved photoluminescent measurements need to be done. To study the 

possible impact of electron donating strength of substituents on the 2- position of the flavylium 

ring, synthesis of 2-position derivatives and photophysical analysis like those reported for the 7-

substituion on the flavylium ring in Chapter 2 would be required. Overall, deuteration appears to 

be a fruitful design for incremental improvements of current dyes.  
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Figure 3.6. Deuteration of Flav7 and the impact on 

quantum yields and lifetimes. (a) Structure of Flav7 

and its deuterated derivatives. (b) Bar graphs 

comparing the quantum yield, ϕ𝐹 , total rate, 𝑘𝑡𝑜𝑡 , 

radiative rate, 𝑘𝑟, and nonradiative rate, 𝑘𝑛𝑟, of Flav7 

and its derivatives. Dotted line designates that Flav7-

Ar-d10 is added onto a previous figure from Chapter 2. 

The asterisk indicates that the difference between dyes 

is significant p < 0.05. 
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3.6. Conclusions 

Overall, high 𝜇21 and small vibrational reorganization energy that improve quantum yields 

also improve brightness. For molecules like cyanine dyes that have “particle in a box” character, 

we found a point at which brightness will maximize when keeping other molecular parameters 

constant. Deuteration as a method to improve quantum yield, similarly, only slightly improves 

molecular brightness. Studying resonance Raman and femtosecond coherent spectroscopy will 

provide greater insight to identify the C-H stretches most important to the process of internal 

conversion.98,100,101 We reaffirmed that Stokes shift, though often important in fluorophore choice 

for imaging considerations, does not always accurately represent total vibrational reorganization 

energy. Analysis of quantum yield and brightness for set fluorescence energy by varying 𝐸𝑏𝑐 

shows that decreasing 𝐸𝑏𝑐 always improves quantum yield and brightness. However, the impact 

lessens at higher 𝐸𝑏𝑐, implying that once a certain barycenter (or Stokes shift) is observed, it may 

not be worth making changes to the compound that optimize 𝐸𝑏𝑐  for that scaffold to improve 

quantum yield and brightness. This is useful since a bright dye with well separated absorption and 

emission peak can be an important optimization parameter for some imaging applications.  
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Chapter 4 

Challenges and Collaborations 

4.1. Toward Temperature Dependent Photophysics 

 One continuing direction of this work proposes to understand the temperature dependence 

of quantum yield, radiative, and nonradiative rates in the shortwave infrared to check some of the 

assumptions made in Chapter 2 in the fundamental equations. According to Englman and Jortner’s 

assumptions, the internal conversion of the polymethine dyes discussed in Chapter 2 should not 

have significant temperature dependence.14 However, other nonradiative rates, including 

isomerization which occurs in shorter chain cyanines, are temperature dependent.73,76 Thus, 

temperature dependent studies are important for a more complete view of the photophysics of these 

dyes. Unfortunately, polymethine dyes studied in this thesis are not soluble in standard glass 

formers such as 2 Me-THF, glycerol,102 or the sugar matrixes used for cyanine molecular 

aggregates.103 This makes it challenging to do temperature dependent studies.  After looking at the 

solubility of dyes in Chapter 2 in less common glass formers, we chose dichloromethane and 

ethanol in a 1:1 mixture, as previously reported.104,105 

We first used the model systems of Flav5 and Flav7 in a 0.2 mm cuvette (the standard 

pathlength for our temperature dependence measurements for other systems) and quickly froze the 

sample at 77 K in a cryostat. For both Flav5 and Flav7, we noticed a color change that recovered 

upon return to room temperature (Figure 4.1). The spectral shift in Flav7 resembles previous H-

aggregation studies,26 so we assume that the chromophores H-aggregated during the process of 
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cooling (Figure 4.1). Since the goal is to understand the photophysics of the monomer, we 

optimized parameters to reduce aggregation.  

Based on observations from collaborators that there is less aggregation of the Chrom5 and 

Chrom7 dyes, we began to include these in our analysis (Figure 4.2). Since one variable for 

Figure 4.1. H-aggregation induced by cooling. 

Temperature dependent measurements in a 0.02 mm 

cuvette show spectral changes for Flav5 (a) and Flav7 

(b). (c) The change in Flav7 spectra is like H--

aggregation in acetonitrile and water, reproduced from 

Cosco et al.26 
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aggregation is concentration, we increased the pathlength of the cuvette to 1 mm and developed a 

faster method to screen conditions as standard glassy matrix procedures experiments take hours to 

complete. We used a Vis/NIR/UV-vis in-situ probe Ocean Insight, the Flame UV-Vis and NIR 

spectrometer and a chloroform-liquid nitrogen ice bath to bring the temperature down to 210 K 

based on the specification of the dip probe (Figure 4.2c). Then the absorption spectra of a solution 

of a known concentration was measured through the dip probe to observe any reduction in the 

monomer absorptive features. After finding a concentration where there is no obvious reduction, 

we measured the temperature dependence absorption measurements of Chrom5 and Chrom7. 

Figure 4.2. Observation of color change and quick 

temperature probe set up. Concentrated Chrom7 and Flav7 

after being removed from liquid nitrogen (a) and 5 minutes 

later (b) shows a greater observation difference with Flav7. 

(c) Experimental set up of the in-situ temperature probe in the 

chloroform-liquid nitrogen ice bath. 
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 For Chrom5 and Chrom7, we observed an absorption peak redshift and a narrowing of the 

full width half maximum (FWHM) of the first peak with reduction in temperature. The absorption 

peak’s redshift could be a result of changes in reorganization energy with respect to temperature 

change as well as matrix stabilization. The peak narrowing is indicative of temperature dependent 

homogenous broadening from the solvent. Future experiments measuring temperature dependent 

fluorescence and lifetime values would reveal a better molecule understanding of the weak 

coupling energy gap law. 

 

 

Figure 4.3. Temperature dependence of Chrom5 and Chrom7. Absorption spectra for Chrom5 

(a) and Chrom7 (b) show a redshift with lower temperatures. (c,d) The peak maximums and the 

FWHMs of the first peak are plotted with respect to temperature. Chrom5 (c) has a greater change 

in FWHM than Chrom7 (d). 
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4.2. Heavy Atom Effect 

 The heavy atom effect is the process by which heavy atoms within molecules or in 

surrounding molecules induce a greater spin-orbit coupling, allowing for spin forbidden processes 

like phosphorescence and intersystem crossing to occur.  

4.2.a. Internal Heavy Atom Effects 

 One previously shown process to redshift emission of dyes is the inclusion of heavy atoms 

which can add more electrons into the transition.26,106 However, heavier atoms, historically metals, 

allow for spin-orbit mixing which opens spin forbidden processes. If this pathway turns on, it may 

reduce imaging applications, but retain utility in deeper photodynamic therapy which relies on 

triplet states to sensitize oxygen.107,108 To follow up on the energy gap independent parameter 

analysis between IR-26 and IR-27 from Chapter 2, sulfur substituted Flav7 and Chrom7 were 

synthesized (Figure 4.4a). Photoluminescence lifetimes were measured following the general 

method (Section 4.7). All dyes in Table 4.1 with oxygen heteroatoms are both blue shifted and 

have higher quantum yields than their sulfur heteroatom containing counterparts. When utilizing 

the energy gap independent parameter, 𝜉 (Section 2.2d), we saw that addition of oxygen improves 

quantum yield even beyond the effect of blue shifting the energy gap of the dye, (𝜉 > 0, Table 

4.1). One reason is the decrease transition dipole moment that was determined from equation 2.3, 

which is based on the radiative rate. This could be because of a different degeneracy ratio, g2/g1, 

between the ground and excited state for the sulfur and oxygen substitutions. A higher g2/g1 when 

sulfur is the heteroatom could indicate mixing with a triplet energy state. Additionally, when 

comparing the nonradiative rates to the nonradiative rate fit from Section 2.2b, we observe a larger 

gap between the ideal 𝑘𝑛𝑟  fit line and the sulfur substituted dyes compared to the oxygen 
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counterparts (note Figure 4.4c is in log scale). This indicates that there are additional nonradiative 

rates not included in internal conversion. Together, this indirectly implies that there is more triplet 

character in the sulfur substituted dyes as sulfur atoms should impart greater spin-orbit coupling 

onto the molecule. However, other experiments including temperature dependence, transient 

absorption, computation, and external heavy atom effect would be required to confirm the 

enhancement of triplet character by sulfur inclusion.  

Table 4.1. Photophysical Properties of Chromenylium and Thiochromenylium Dyes 

𝐃𝐲𝐞 
𝐄𝐠 

(𝐜𝐦−𝟏) 

𝐄𝐒𝐓 
(𝐜𝐦−𝟏) 

𝛟𝐅 
 (× 𝟏𝟎−𝟐) 

𝐤𝐭𝐨𝐭  
(× 𝟏𝟎𝟗 𝐬−𝟏) 

𝐤𝐧𝐫  
(× 𝟏𝟎𝟗 𝐬−𝟏) 

𝛍𝟐𝟏 

(𝐃) 
𝛏 

(𝐒 𝐭𝐨 𝐎) 

𝐒𝐂𝐡𝐫𝐨𝐦𝟕 9295 190.0 0.38 17.3 17.2 13.5 
0.88 

𝐂𝐡𝐫𝐨𝐦𝟕 10128 215.4 1.70 6.86 6.74 15.6 

𝐈𝐑 − 𝟐𝟔 9276 298.7 0.05 49 49 8.4 
0.43 

𝐈𝐑 − 𝟐𝟕 10111 240.5 0.35 19.2 19.1 12.3 

𝐒𝐅𝐥𝐚𝐯𝟕 8921 175.1 0.10 36.7 36.7 10.8 
0.63 

𝐅𝐥𝐚𝐯𝟕 9603 267.7 0.61 14.7 14.6 15.0 
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Figure 4.4. Impact of sulfur as heteroatom in polymethine dyes. (a) 

Structure of dyes included in this study. (b) Impact on quantum yield 

with energy gap using the value of the energy gap comparator for IR 

26 to guide the eye. (c) Nonradiative rates with respect to energy gap 

with the 𝑘𝑛𝑟 value derived from Chapter 2.3. 
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4.2.b External Heavy Atom Effect  

 Like the internal heavy atom effect, the external heavy atom effect is where introduction 

of a heavy atom in a solvent or a solvent matrix induces intersystem crossing and 

phosphorescence.109,110 To study this in the polymethine scaffold, we took lifetimes and quantum 

yields of Flav5 and Flav7 in different solvents, dichloromethane (DCM), dibromomethane 

(DBrM), and diiodomethane (DIM). First, both the absorbance and emission spectra redshift with 

heavier atoms in the solvents (Figure 4.5). This trend could be in part due to the solvent refractive 

index differences, 1.41, 1.54, and 1.74 in order of increasing molecular weight, but may also 

Figure 4.5. Redshift in absorption and emission with increasingly heavier atom solvent molecule. 

Absorption spectra of Flav5 (a) and Flav7 (b) and emission spectra of Flav5 (c) and Flav7 (d) show 

peaks redshift when changing the solvent from DCM to DBrM to DIM. 
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indicate that there are nontrivial impacts of the solvent upon the quantum mechanical environment 

(Figure 4.5).111,112 

  We took relative lifetime and relative quantum yield measurements and observed different 

trends for Flav5 and Flav7 (Figure 4.6). Total rates and nonradiative rates for Flav7 increased with 

inclusion of heavier atoms in the solvent which follows energy gap relationships given the slight 

redshift with heavier atoms but may also be indicative of increased intersystem crossing with 

external heavy atoms. Unexpectedly the radiative rates and quantum yield in Flav7 and Flav5 is 

highest in dibromomethane. On the other hand, the total rate and nonradiative rate decrease with 

redshift in Flav5 which is paradoxical to energy gap laws. Part of this perplexing trend in the 

quantum yield and radiative rate can be explained by the increase in the refractive index of the 

solvents which would increase the radiative rate linearly assuming all other values are kept 

constant. Additionally, the transition dipole moment is not constant across solvents with the 

transition dipole moment being highest for both Flav7 and Flav5 in DBrM (Table 4.2). These 

parameters partially counteract the redshift in the energy gap which should lead to a cubic decrease 

in radiative rates. To explain the perplexing trend in Flav5 for nonradiative rates, we need to look 

further into steady state indicators of vibrational coupling. For both dyes, the Stokes shift and the 

Figure 4.6. Relative quantum yield for Flav5 (a) and Flav7 (b) in different solvents. 
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FWHM of the first transition in fluorescence have no recognizable trend with solvent. However, 

the absorption FWHM decreases for the heavier atom solvent. Both the total broadening and the 

amount of mirror symmetry between the absorption and fluorescence impact internal conversion 

through both adiabatic and nonadiabatic coupling terms which could explain differences in the rate 

of internal conversion.113 Alternatively, the solvents could impact other nonradiative rates like the 

intended intersystem crossing or the unintended isomerization. Note that quantum yield 

measurements should be replicated over a larger absorption range. Further work should be done to 

analyze the impact of titration of heavier atom molecules into a standard solvent compared to the 

current trend of pure solvents, though preferential solubility may be an issue. Additionally, 

isolation into a glassy matrix would remove many differences in the solvent impact on 

isomerization with heavier solvent molecules. 

Table 4.2. Photophysical Properties of Flav7 and Flav5 in Different Solvents 

Dye 
𝐄𝐠 

(𝐜𝐦−𝟏) 

𝐄𝐒𝐓 

(𝐜𝐦−𝟏) 

𝐅𝐖𝐇𝐌𝐚𝐛 

(𝐜𝐦−𝟏) 

𝐅𝐖𝐇𝐌𝐞𝐦 

(𝐜𝐦−𝟏) 

𝛟𝐅
∗  

(𝟏𝟎−𝟐) 

𝐤𝐭𝐨𝐭 

(𝟏𝟎𝟗𝐬−𝟏) 

𝐤𝐫 

(𝟏𝟎𝟕𝐬−𝟏) 

𝐤𝒏𝒓 

(𝟏𝟎𝟗𝐬−𝟏) 

𝛍𝟐𝟏 

(𝐃) 

Flav7 
         

DCM 9603 267.7 761 585 0.61 
14.1
± 0.2 

8.59 14.0 14 

DBrM 9466 206.1 647 549 0.9 
14.5
± 0.2 

13.0 14.4 18 

DIM 9281 129.1 597 693 0.5 
15.4
± 0.2 

7.69 15.4 13 

Flav5          

DCM 11468 276.9 742 648 6.1 
3.01
± 0.01 

18.4 2.83 16 

DBrM 11258 353.5 692 622 12.4 
2.14
± 0.01 

26.5 1.87 20 

DIM 11034 268.7 435 637 11.7 
1.80
± 0.01 

21.0 1.59 17 
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4.3. Silicon-Rosindolizine Fluorophores 

This section is partially adapted from sections of Meader, W.E., Lin, E.Y., Lim, I., 

Friedman, H.C., Ndaleh D., Shaik, A.K., Hammer, N.I., Yang, B., Caram, J.R., Sletten, E.M., 

Delcamp, J.H. “Shortwave Infrared Absorbing and Emitting Silicon-Rosindolizine Fluorophores 

for in vivo Fluorescence Imaging” in preparation. There will be a quick introduction to the 

molecular system followed by the analysis relevant to my contribution to the manuscript.  

Lead by William Meader of the Laboratory of Dr. Jared Delcamp, several novel silicon-

rosindolizine (SiRos) fluorophores, a type of xanthene structure, were synthesized and found to 

have peak emission wavelengths between 1300 and 1700 nm. Akin to the trend of redshift caused 

by the change from oxygen to sulfur in chromenylium polymethine dyes, the replacement of 

oxygen with silicon on xanthene dyes also results in a redshift.114 The research used the silicon 

replacement approach to redshift the absorption and emission of previously synthesized NIR 

xanthene dyes.115,116 

Photoluminescent lifetimes were measured to understand the photophysical characteristics 

and excited state kinetics of the SiRos dyes (Table 4.3). Upon excitation with a 785 nm laser, 

emitted photons were detected and timed using superconducting nanowire single photon detectors 

(SNSPDs, see Section 4.7 for experimental details). Interestingly, the lifetimes were observed to 

be inversely proportional to the emission energy of the fluorophores, with SiRos1300 having the 

shortest deconvolved lifetime of 20 ps, and SiRos1700 having the longest lifetime of 47 ps. This 

is counter intuitive to the energy gap laws (Chapter 2).14,93 As there was there was no trend in 

Stokes shift (EStokes) for the SiRos dyes, this trend in lifetimes cannot be explained by changes in 

coupling to vibrational modes between chromophores. Additionally, solvent reabsorption is known 

to decrease lifetimes due to direct energy transfer from chromophore to solvent vibrational 
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modes.77,79 Note there is a large overtone transition in the solvent dichloromethane around 1600 

nm; thus, the lengthening of lifetimes at longer wavelengths is even more surprising given these 

mitigating factors.  

 Combining quantum yield, lifetime, and absorption spectrum information, we observed 

that the radiative rates decrease from SiRos1300 to SiRos1700 (2.8 × 106𝑠−1 and 2.34 × 105𝑠−1 

respectively) while nonradiative rates only slightly decrease ( 5 × 1010 and 2.13 × 1010 ). 

Therefore, the change in quantum yields is almost entirely attributable to changes in radiative rates. 

Indeed, the measured transition dipole moment decreases from 3.3 to 1.4 D as the chromophore’s 

emission peak redshifts. We then estimate the oscillator strength of absorption (𝑓12), by integrating 

the absorption cross section, consistent with a single electronic state contributing to the absorption 

spectrum (eq. 2.38). However, the oscillator strength of emission (eq. 2.35) is substantially 

diminished, suggesting a large number of  “darker” emissive states contribute to the observed 

photophysics.117 An estimate of this is given by degeneracy ratio (
𝑔2

𝑔1
= −

𝑓12

𝑓21
 ) of S1 states to S0 

states which goes as high as 270 for SiRos1700. This is a dramatic increase compared to the typical 

g2/g1 of 1 to 3 observed for polymethine dyes.38–40,93 This strongly suggests potential mixing of 

singlet and triplet excited states as the S1 – S0 gap closes, though the degeneracy ratio cannot be 

taken as a precise estimate of the number of electronic configurations near the bandgap. Increase 

in triplet and singlet mixing could lengthen the fluorescent lifetimes and, perhaps, protect the 

excited state from direct internal conversion to the ground state. Increasing 𝑛 → 𝜋∗character in 

SiRos1700 could also account for increasing lifetimes, diminished transition dipole moment, and 

stronger coupling to triplet states as is suggested by the lifetime data. 
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Table 4.3. Lifetimes and Other Photophysical Properties of SiRos Dyes 

 
𝑬𝒈   

(𝒄𝒎−𝟏) 

𝑬𝑺𝒕𝒐𝒌𝒆𝒔 

(𝒄𝒎−𝟏) 

𝝉𝑭   

(𝒑𝒔) 
𝒇𝟏𝟐 𝒇𝟐𝟏 

𝝁𝟐𝟏  

(𝑫) 
𝒈𝟐/𝒈𝟏 

SiRos1300 8232 1080 20 1.14 −0.028 3.3 41 

SiRos1550 6921 996 26 1.15 −0.014 2.5 84 

SiRos1700 6419 1052 47 1.07 −0.004 1.4 270 

 

4.4. Deuteration of Additional Polymethine Scaffolds 

To further study the effect of deuteration on polymethine scaffolds, we received non-bridged 

polymethine dyes synthesized by Hana Janeková from the laboratory of Dr. Peter Štacko (Figure 

4.7). For all but dye 2, the quantum yields increased, and the Stokes shift decreased with 

deuteration indicative that we deuterated the most coupled C-H vibrational modes (Table 4.4). 

These dyes also show a decrease in nonradiative rate and total rate with respect to the deuterated 

derivatives similar to dyes previously discussed in Chapter 2 and 3. Interestingly for dye 4, the 

radiative rate increased with deuteration beyond the error in the lifetime analysis. This indicates 

that the introduction of deuterium may impact the electron density of the scaffold and not just the 

vibronic environment. However, synthesis of more dyes would be needed to determine if there is 

a trend. Dye 4 is a nonbridged chlorine free version of Flav7 that is blueshifted by 296 𝑐𝑚−1 and 

the energy gap independent parameter, 𝜉, by comparing Flav7 to dye 4is 0.5 demonstrating that it 

has increased quantum yield compared to Flav7 independent of the blueshift in emission (Section 

2.2d). Further steps to study this phenomenon would require synthesis of dye 4 with the chlorine 

in the central part of the methine bridge and Flav7 without the chlorine unit. These two structures 

would help elucidate if the energy gap shift and the quantum yield differences are predominately 

from the chlorine addition or the cyclohexane ring addition. We would predict that chlorine has 



105 
 

the greater impact on the quantum yield and the energy gap shift like previously discussed heavier 

atom trends (Section 4.2a).7 

 

 

 

 

 

Table 4.4. Steady State Photophysical Properties of Linear Polymethine Dyes 

𝐃𝐲𝐞 𝐄𝐠 (𝐜𝐦−𝟏) 𝐄𝐒𝐓 (𝐜𝐦−𝟏) 𝛆𝐦𝐚𝐱 𝛟𝐅 (𝐱𝟏𝟎−𝟐) 

1𝐻 12353 610 225960𝑎 9.56 

1𝐷 12247 570 169730𝑎 10.9 

2𝐻 11824 391 224290𝑏  0.055 

2𝐷 11838 420 237990𝑏  0.045 

3𝐻 9997 270 236920𝑏  0.33 

3𝐷 10017 251 219860𝑏  0.36 

4𝐻 9899 362 280750𝑏  1.33 

4𝐷 9943 316 266580𝑏  1.56 

a MeOH with 4% DMSO (abs max in bracket) bDCM with 4% DMSO 

Figure 4.7. Structure of linear 7 chain polymethine dyes 1-4. 
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Table 4.5. Time Resolved Photophysical Properties of Linear Polymethine Dyes 

𝐷𝑦𝑒 𝑘𝑡𝑜𝑡  (× 109𝑠 − 1) 𝑘𝑟 (× 106𝑠 − 1) 𝑘𝑛𝑟 (× 109𝑠 − 1) 

1𝐻 2.04 ± 0.01 195 ± 1.00 1.84 ± 0.01 

1𝐷 1.80 ± 0.01 197 ± 1.00 1.61 ± 0.01 

2𝐻 12.0 ± 0.10 6.58 ± 0.04 12.0 ± 0.10 

2𝐷 11.6 ± 0.10 5.20 ± 0.04 11.6 ± 0.10 

3𝐻 20.6 ± 0.40 67 ± 1.00 20.5 ± 0.40 

3𝐷 18.9 ± 0.40 68 ± 1.00 18.9 ± 0.40 

4𝐻 8.41 ± 0.07 112 ± 1.00 8.29 ± 0.07 

4𝐷 8.24 ± 0.07 129 ± 1.00 8.11 ± 0.07 

 

4.5. General Lifetime Methods 

The standard procedure for all the lifetime measurements above is as follows: We recorded 

PL lifetimes using a home-built, all-reflective epifluorescence setup.37 For all dyes below we used 

a pulsed 785 nm excitation. Emission was then collected and filtered with a 90:10 beamsplitter 

and appropriate excitation filters finally reflectively coupled into a single-mode fiber (F-SMF-28-

C-10FC, Newport) and detected using an SNSPD (Quantum Opus One).35,37,80  

Given the short lifetimes of these dyes, lifetimes were fit with a convolution of the 

instrument response function and an exponential. To determine the lifetime (or decay rate, 𝑘) for 

each TCSPC trace we fit each curve to a convolution of the sum of two Gaussians with a single 

exponential decay: 
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The width, 𝜎1 𝑎𝑛𝑑 𝜎2 , of each Gaussian, the time offset , 𝑡1,  between the two Gaussians and 

amplitude scale, a, were determined using the instrument response function (IRF) which was 

measured as the backscatter off of a cuvette with solvent (e.g.,DCM) without the longpass filters 

(Table 4.6). The initial peak amplitude, 𝐼0, the rate, 𝑘, and 𝑡0were free fitting parameters, while 

the time offset, 𝑡1, and the IRF widths, 𝜎1 and 𝜎2 were fixed variables. We use a conservative error 

of 1 ps (the instrument resolution) for our lifetimes. 

Table 4.6. Instrument Response Function Fit Parameters  

 IRF fit values for 4.2a IRF fit values for 4.2b, 4.3, 4.5 

𝝈𝟏(𝐩𝐬) 32.0 40.7 

𝝈𝟐(𝐩𝐬) 50.6 66.6 

𝒕𝟏(𝐩𝐬) 6.6 82.7 

𝒂 1.6 0.25 

 

4.6 Future Directions 

In the beginning of this chapter, we developed an approach to measure temperature 

dependence absorption that can be used to measure time resolved emission in polymethine dyes. 

Temperature dependent absorption measurements of chromenylium polymethine dyes showed 

redshift and linewidth narrowing in absorption upon cooling. Temperature dependence of time- 

resolved and steady state emission measurements will illustrate the impact of both immobilization 

𝐼(𝑡) =
𝐼0

2
𝑒

−𝑘((𝑡−𝑡0)−
𝜎1

2𝑘
2

)

(1 + erf (
(𝑡 − 𝑡0) − 𝜎2

2𝑘

√2𝜎
))

+
𝑎𝐼0

2
𝑒

−𝑘((𝑡−𝑡0−𝑡1)−
𝜎2

2𝑘
2

)

(1

+ erf (
(𝑡 − 𝑡0 − 𝑡1) − 𝜎2

2𝑘

√2𝜎2

)) 

 

 

 

(Eq. 4.1) 
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and temperature on the parameters for energy gap dependence, giving more insight into the 

fundamental photophysics of the polymethine dyes. Understanding of the external heavy atom 

effect for polymethine dyes requires further study. The changes in spectral shifts and narrowing 

shown in section 4.2b demonstrate that there are other variables beyond the heavy atoms inherent 

to the solvents that need to be addressed. Solvent studies including glassy matrices, viscosity 

dependence, and solvent mixtures of heavy and nonheavy atoms will help isolate important 

variables. Work on the internal heavy atom effect shows a decrease in transition dipole moment 

for all polymethine dyes studied. Going forward, putting the oxygen to sulfur change in heteroatom 

in the chromenylium polymethine dyes into greater conversation with the rosindolizine and silicon 

rosindolizine dyes may increase general understanding of the impact of heavy atoms on the 

heteroatoms in organic chromophores. To this end, time resolved lifetimes for more rosindolizine 

and silicon rosindolizine derivatives would allow for a more complete energy gap law analysis, as 

was done in Chapter 2 for this scaffold. Deuteration of other cyanine dyes and a linearized version 

of Flav7 shows that deuteration’s positive effect on quantum yield is not absolute. The difference 

in quantum yield and energy gap for linearized Flav7 and the original Flav7 reveals opportunities 

to study non-deuterium-based substitution on the polymethine bridge. All these vignettes 

demonstrate future pathways to expand the understanding of NIR/SWIR fluorophore 

photophysics.   
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Chapter 5 

Outlook on Photophysics in the SWIR 

In the field of SWIR photophysics, there are opportunities through synthesis and 

photophysical experimentation to improve our understanding of chromophore design. This thesis 

has predominately focused on polymethine dyes, but there are many other promising SWIR 

emitting dye classes to be studied, of which I will briefly only discuss a few. For example, xanthene 

dyes have many synthetic pathways for redshifting their emission, including extending conjugation 

and heteroatom substitution (Figure 5.1a).116,118,119 Another class of dyes are donor-acceptor-donor 

SWIR chromophores that have much larger Stokes shifts than  polymethine counterparts and may 

have different molecular considerations toward photophysical improvement (Figure 

5.1b).72,90,120,121 Both of these scaffolds and others could benefit from application of the combined 

energy gap law as presented in Chapter 2.  

Supramolecular structures are another approach to changing the photophysics of known 

dyes. Within the polymethine scaffold, one problem is the breakdown of the cyanine limit (where 

the “particle in a box” model is most applicable) with longer polymethine chains, reducing the 

transition dipole moment of the dye.94 One solution is encapsulating longer chain polymethine 

dyes in a molecular container, which stabilizes the cyanine limit (Figure 5.1c).122 Another known 

route toward redshifting the emission is J-aggregation, where several dyes are transition dipole 

moment coupled. J-aggregates have increased transition dipole moments and reduced the Stokes 

shifts compared to monomeric dyes making them promising approach toward SWIR imaging 

systems.55,56,63,123  
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The combined energy gap law discussed through this thesis has predictive power over the 

general trends in the SWIR. However, quantum yields are limited by a dye’s most detrimental 

pathway, most often the highest nonradiative rate. In the SWIR,  the highest nonradiative rate is 

predicted to be internal conversion from C-H vibrational stretches. With certain synthetic changes, 

like deuterating or halogenating privileged C-H stretches, internal conversion may not be the most 

deleterious rate. Therefore, future directions include the study of other nonradiative rates and the 

predominance of C-H vibrational stretches for internal conversion. A few of the other nonradiative 

rates are photoisomerization, vibrational energy transfer, and intersystem crossing. Careful 

Figure 5.1. Synthetic approaches toward better SWIR chromophores. Options include 

exploring new scaffolds including xanthenes (a) reproduced from Liu et al.118 and DAD dyes (b)  

reproduced from Zhu et al.121 which show many options for synthetic modification within the 

scaffold. (c) Supramolecular stabilization of the symmetric nonpolar cyanine limit in polymethine 

dye improves absorption parameters, reproduced from Li et al.122. 
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rigidification or temperature dependence can isolate the effect of photoisomerization which 

previously showed the greatest effect in dyes in the visible spectra.39,76 Solvent deuterations of 

both protic and aprotic solvents can probe vibrational FRET (Figure 5.2a).77–79 Vibrational FRET 

becomes a critical nonradiative pathway in the SWIR, since solvent vibrational overtone bands 

become stronger. For example, the molar absorptivity of OH stretches increases from 

approximately 2 × 10−4 𝑐𝑚−1𝑀−1 at 750 nm to 4 × 10−3 𝑐𝑚−1𝑀−1 at 970 nm while the OD 

stretch has negligible absorption in the region (< 10−5 𝑐𝑚−1𝑀−1) (Figure 5.2a).77 In Section 2.5h, 

we observed that deuteration of the O-H stretch in ethanol, increased the lifetime of IR-1061 from 

14 ± 1 to 25 ± 1 ps. Additional studies in solvents which better stabilize polymethine dyes will 

illuminate the effect of overtone stretches from organic molecules like DCM in the SWIR. 

Understanding the contribution of noninternal conversion nonradiative pathways will improve 

molecular and solvent system design.  

 The photophysics behind internal conversion is predicated on understanding the coupling 

of vibrational modes to the electronic transition. Throughout this dissertation, I have made 

assumptions based on molecular structure and steady state and time-resolved measurements to 

parameterize the values of coupling of higher energy vibrational modes. Complicating these 

assumptions, there are dyes that absorb and emit in the visible spectrum that couple more strongly 

to lower energy modes.124 . Therefore, use of techniques like resonance Raman or more recently 

terahertz femtosecond coherence spectra (Figure 5.2b) can evaluate the coupling associated with 

each vibrational stretch for organic chromophores.100,101,125 For dyes with strong coupling from 

lower energy stretches computational models taking into account the interplay between higher 

vibrational and lower vibrational modes may be required to fully understand the photophysics 
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underlying internal conversion.112 Incorporation of these newer models and experimental 

parameters will refine our understanding of the fundamental photophysics in SWIR chromophores.  

 

Figure 5.2. Examples of photophysical experiments to test assumptions associated with energy gap 

law for nonradiative rates. (a) FRET to vibrational modes is an additional nonradiative rate which 

reduced with deuteration. Figure was reproduced from Maillard et al.77 (b) Femtosecond coherence 

spectroscopy can probe the coupling of each vibrational mode of a molecule. On the left is a diagram of 

the displaced harmonic oscillator model. On the right, measured vibrational quantum beat signals are 

Fourier transformed into femtosecond coherence spectra. These spectra can be fit to classify, the Huang 

-Rhys factor, 𝑆 =
1

2
(

𝛥

𝑥0
)

2
, energy gap in frequency 𝜔𝑒𝑔, and electronic dephasing, 𝛾. Reproduced from 

Barclay et al.101 
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