
 

Synthesis and Development of 
Compounds for Nonlinear 
Absorption of Light 
 

Tomas Kindahl 
 
 
 
 
Doctoral thesis 

 

Department of Chemistry 

Umeå University 

Umeå, Sweden 2012 



 

 

 

 

 

 

 

Copyright © Tomas Kindahl 2012 

ISBN: 978-91-7459-503-1 

Electronic version available at http://umu.diva-portal.org/ 

Printed by VMC-KBC, Umeå Universitet 

Umeå, Sweden 2012 



Author 

Tomas Kindahl 

 

Title 

Synthesis and Development of Compounds for Nonlinear Absorption of 

Light 

 

Abstract 

High-intensity light — for instance that from a laser — can be destructive, 

not only to the human eye, but also to equipment such as imaging sensors 

and optical communication devices. Therefore, effective protection against 

such light is desirable. A protection device should ideally have high 

transmission to non-damaging light, and should also be fast-acting in order 

to effectively stop high-intensity light. 

In working towards a protection device, there is a need to conduct 

fundamental research in order to understand the processes involved. One of 

the photophysical processes of special interest in the field of optical power 

limiting (OPL) is reverse saturable absorption, where a compound in an 

excited state absorbs light more strongly than it does in its ground state. 

In this work, several novel organoplatinum compounds for OPL, rationally 

designed to have a strong reverse saturable absorption, have been 

synthesized. The compounds have been analyzed using linear and nonlinear 

absorption spectroscopy, luminescence spectroscopy, and quantum 

chemistry calculations to gain further knowledge regarding their 

photophysical properties. 

In addition to this fundamental research, the absorption capabilities of 

some of these compounds indicate that they can be used for OPL 

applications. Consequently, compounds from these studies have been 

incorporated into a sol–gel glass that could be used in optical systems. 
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Introduction 

Photophysics 

The absorption and emission of light by matter can result in and be 

described by a number of processes. A convenient way to summarize those 

processes is by the use of a Jablonski diagram (Figure 1). 

Electrons can be in one of two spin states denoted α and β. If all electrons 

in a system are paired with regard to their spin, the system is denoted a 

singlet state. If one electron is unpaired, as for example in radical species, 

the system is denoted a doublet state, and if there are two unpaired 

electrons, the system is denoted a triplet state. 

Normal absorption is represented by a in the diagram. One photon is 

absorbed by the chromophore, and the system is electronically excited from 

its lowest singlet state (S0) to a higher singlet state (Sn). If the excitation 

results in reaching state S2 or higher, it is very common that rapid thermal 

relaxation to S1 occurs (b). The phenomenon of fluorescence emanating only 

from the S1 state, regardless of the initially reached state, is referred to as 

Kasha’s rule;1 however, many exceptions to this rule are known.2  

 

 

S0

S1

S2

T1

T2

a

b

c d

e

f g

h

i

Tn

jl k

 

Figure 1. Jablonski diagram. See text for legend. 
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The simultaneous absorption of two photons, termed “two-photon 

absorption” (TPA), can occur at high light intensities (path c). The two 

photons may or may not be of the same energy, and are absorbed at the sum 

of their individual energies. TPA was predicted to be possible by Nobel 

laurate Maria Göppert-Mayer in 1931,3 but first demonstrated some 30 years 

later.4 There are many uses for TPA, for example two-photon microscopy,5-6 

microfabrication,7-9 photodynamic therapy,10-12 and optical power limiting.13-

15 

The spin-forbidden direct excitation from S0 to T1 (path d) has also been 

observed for platinum compounds, but is normally of very low intensity and 

can usually be disregarded.16 

Once the S1 state has been reached, a number of events can take place. 

Absorption can occur anew to give a higher singlet state (path e), with the 

same fate as discussed above. Relaxation to the ground state, either 

thermally, termed internal conversion (IC), or by fluorescence (path f and g, 

respectively) is possible. Yet another possibility is the intersystem crossing 

(ISC) to the T1 state (path h). 

The conversion rate from S1 to T1 is usually low, typically ranging from 106 

to 108 s-1, due to quantum mechanical selection rules where the angular 

momentum must be preserved.17 This allows for competing relaxation via 

other pathways. However, the ISC rate can be increased in two ways: the 

introduction of a group with a non-bonding electron pair allows for a S(n,π*) 

to T(π,π*) or S(π,π*) to T(n,π*) conversion, where the angular spin can be 

preserved with a change of type of the excited electron orbital. Formulated in 

the 1960’s, this is now known as the El-Sayed rule.18 The other way to 

enhance the ISC is by the so called heavy atom effect. In heavy atoms there is 

a strong coupling between the spin angular momentum and the orbital 

angular momentum of the electrons. This facilitates the conservation of 

angular momentum and, hence, increases the intersystem crossing rate. 

In T1, the lowest triplet state, several events may occur. The spin forbidden 

relaxation back to S0 (path i) is slow, with rates typically ranging from 10-4 – 

102 s-1, and this relatively long lifetime allows for other pathways to take 

place. Absorption of a photon can excite the system to one of several, in 

energy closely spaced, higher triplet states (T2 … Tn) (j). Relaxation from 

those states to T1 occurs rapidly via internal conversion (k). Another 

possibility is the thermal repopulation of the S1 state (l); this can be detected 

as delayed fluorescence. 

Apart from these single-molecule events, the excited molecules might also 

undergo bimolecular events such as collisional quenching. In such an event, 

the excited state is transferred between molecules, or converted into another 

excited state. 

A common fate of molecules in the T1 state dissolved in air-equilibrated 

solvents is collisional quenching by triplet oxygen, where the chromophore is 
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efficiently relaxed from T1 to S0 simultaneously as dissolved oxygen, being in 

a triplet state, is converted to its singlet state. The singlet oxygen thus 

formed is highly reactive, and such collisional quenching necessitates 

deoxygenation of solvents for phosphorescence measurements. 

In order to provide a measure of the importance of a certain pathway, the 

notion quantum yield (Φ) is used. It is the fraction of expected to total events 

for the process. For example, if one third of the molecules in an excited state 

gives rise to fluorescence, while the other two thirds do not due to IC or other 

quenching, the fluorescence quantum yield is 0.33 or 33%. The same 

terminology is used for phosphorescence and photochemical reactions. 

Optical power limiting 

Most materials exhibit linear absorption when irradiated with light, 

corresponding to a in Figure 2, according to the Lambert-Beer law. When the 

light intensity on a sample increases, so does the transmitted light. However, 

with very high light intensities, the Lambert-Beer law no longer holds due to 

effects other than single-photon absorption. Those most relevant in this 

thesis are reverse saturable absorption (RSA), where a long-lived excited 

state absorbs more strongly than the ground state, and two-photon 

absorption, where a high photon flux increases the probability of 

simultaneous absorption of photons. This gives a non-linearity in the 

absorption, corresponding to curve b. 
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Figure 2. Schematic energy diagram showing the behaviour of an OPL 

material. a) Linearly absorbing material. b) OPL material. c) Clamping level. 
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The effect of power limiting is measured by passing a focused laser beam 

through a liquid or solid transparent matrix containing the OPL compound. 

By comparing the energy or fluence of the light entering the sample and the 

corresponding energy or fluence of the outgoing light, one acquires a 

measure of the power attenuation. For low intensities of light, typically 

below ca. 1 J/cm2 for compounds studied in this project, the transmission 

should be high and linear as shown on the left side of curve b, Figure 2. At 

higher energies, non-linear effects are observed, and the curve flattens out 

(middle and right side of curve b). 

If the transmitted fluence or energy for a sample never surpasses a certain 

value regardless of the light intensity, this is denoted the clamping level (c). 

As the clamping level is dependent on concentration, a low value is 

considered beneficial since the amount of material needed is smaller; 

otherwise, low solubility of the OPL chromophore might be restrictive to the 

power limiting as the concentrations needed for a good effect are relatively 

high. 

While it is important that a compound shows a strong OPL effect, it is also 

important that the transparency is high at a low fluence of light in the 

wavelength range of interest. This is because a material incorporating such a 

compound should, in the ideal case, behave as a transparent filter and not 

distort or remove spectral information from transmitted light. 

The power limiting capabilities are measured by using a powerful laser 

connected to a detector via a setup of lenses, filters and apertures (Figure 3). 

The generated laser light may be subjected to a second harmonic 

generator (SHG) or optical parametric oscillator (OPO) in order to change 

the wavelength. A reference beam is collected through a semi-transparent 

mirror, as the pulse intensity can not be controlled precisely. The laser pulse 

is then subjected to a standardized set of lenses and apertures in order to 

obtain consistent results. After being focused in the sample of interest, the 

light pulse is converted into an electric signal in the detector and the 

intensity is measured. 

Laser SHG/OPO

Reference
detector

Detector Sample

 

Figure 3. Schematic OPL measurement setup. 
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Structural motifs of OPL compounds 

Compounds that have been used for OPL often share several features. 

Among these are large, conjugated π-systems like those of the compounds 

shown in Chart 1. Among investigated compounds that show OPL are C60,19 

metallophthalocyanines,20-22 and Pt(II) alkynes.23-25 Apart from the π-

systems, many such compounds also contain metals for reasons explained 

below.  

N

N

N

N

N

N

N

NM Pt

L

L

Ar Ar

 

Chart 1. Examples of types of compounds that have been studied for OPL. 

C60, a metallophthalocyanine, and a platinum acetylide. 

 

All OPL compounds in this thesis share some common structural motifs. 

In a broad sense, the compounds are composed of three components: a 

chromophore containing an acetylene unit, a heavy metal ion, and ligands 

for the metal. Here, we have varied only the chromophore, while the metal 

and ligands used are platinum and tri-n-butylphosphine, respectively. 

The role of platinum, as described in the photophysical background, is to 

provide a means of increasing the intersystem crossing rate. Other metals 

such as tin, lead, mercury, palladium and gold have been used for this 

purpose,20, 26 but in this project we chose platinum for several reasons. One 

is that the platinum atom, for many compounds, only has a small effect on 

the absorption spectrum of the complex compared to the free ligand. This 

means that the spectrum of the ligand, if it is known, can be used to predict 

the spectrum of the complex. The OPL effect of platinum has in a few cases 

been shown to be better than for the corresponding compound with other 

heavy metals.26 Finally, the Csp-Pt(II) bond is stable and many such 

compounds has been stored for years in our laboratory without measurable 

degradation. 

Ligands are needed to give the central platinum a stable electronic 

configuration. Many examples exist, such as arsines,27 monophosphines,27 

bisphosphines,28 bipyridines,29 and terpyridines.30 Depending on the ligands 
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chosen, the chemical and physical properties of the platinum complex can be 

modulated. Alkyl phosphines are more electron donating than diimine type 

ligands, and may be expected to influence electronic excitations and charge 

transfers. The solubility of the complexes can also be altered with the choice 

of ligand; space-filling alkyls often give better solubility in organic solvents 

than aryls. The square planar platinum complexes may be locked in a cis 

conformation with the use of bipyridines or bisphosphines such as dppe to 

prevent them from isomerizing to the trans isomer should they be unstable, 

while the trans isomer is usually stable and can be synthesized from trans-

PtL2X2, where X is a halogen. 

The conformation of the ligands, with regard to being either cis or trans in 

the square planar complex, has a large impact on the imaginary part of the 

third-order hyperpolarizability (γ) and therefore also on the two-photon 

absorption, which is dependent on γ.31-32 In one isomeric pair, the trans 

compound showed an almost four-fold increase in the imaginary part of the 

third-order hyperpolarizability over the cis compound.32 The conformation 

of synthesized compounds can be ascertained with the use of 31P NMR, 

where the splitting of phosphorus peak by 195Pt is greater in cis than in trans 

compounds.33 

Two chromophores, bearing alkynyl scaffolds, are connected to the 

complexes studied in this work. The alkyne functionality provides a simple 

way of connecting the chromophore to the metal ion, as the synthesis is very 

mild. The Csp-Pt(II) bond is air stable, and stable under mildly basic or acidic 

conditions. 

The chromophores are the most important feature of the complex, as they 

dictate the various light absorption processes. The absorption of low 

intensity light in the intended wavelength range should be low to provide 

optical transparency. This, in general, imposes a limit on the size of the 

conjugated system. The triplet–triplet absorption should be strong and, 

again, in the intended wavelength range. A high two-photon cross section of 

the molecule is desirable, although not necessary. 

The position of the alkyne on the chromophore is important. There should 

ideally be a strong electronic coupling between the π-system of the 

chromophore and the metal ion to promote the ISC. For example, an aryls 

connected to the 4-position of an oxazole is not conjugated with the rest of 

the system, and the absorption spectrum of such compounds are overlays of 

the separate moieties.34 Such a position would likely be a bad choice for 

coupling to platinum via an alkyne. 

The alkyne-bearing chromophore should preferably be easily synthesized, 

and should be photostable and chemically stable to withstand the harsh 

conditions of strong laser light. 
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Quantum chemistry calculations  

Computational methods have provided a complement to the more traditional 

experimental chemistry, and can provide insight into many molecular and 

electronic processes, such as reaction and conformational energy barrier 

height, bond strength, and electronic transitions. 

Many different computational methods exist, e.g. Molecular Mechanics, 

ab-initio methods such as Hartree-Fock, semi-empirical methods such as 

AM1 and PM3, Density Functional Theory (DFT), and Configuration 

Interaction; each having their distinct advantages and disadvantages. DFT is 

an attractive choice, since it is computationally cheap compared to other 

methods that include electron correlation, and produces accurate results for 

many systems. DFT is especially advantageous for transition metals 

compared to HF and post-HF methods.35 

While ab-initio methods deal with the wave functions of a system, DFT 

deals with the electron density. Calculating the electron density of a system is 

a simpler task than calculating the total wavefunction. In addition, the 

electron density, as opposed to the wavefunction, has a physical meaning 

and can intuitively be understood. The function relating electron density to 

energy is unfortunately not known, but an abundance of approximations that 

can be used have been developed.36-43 

In essence, the energy of a system is determined by: 

 

E = ET + EV + EJ + EXC (1) 

 

where ET is the kinetic energy of the electrons, EV is a potential energy term 

that includes electron-nucleus attraction and nucleus-nucleus repulsion, EJ 

is the electron-electron Coulomb repulsion, and EXC is the exchange-

correlation.44 The Born-Oppenheimer approximation is typically applied, so 

the nuclear kinetic energy is not considered. The terms ET, EV and EJ can be 

evaluated in a classical sense, and this subject is discussed comprehensively 

in textbooks.35 The most interesting term is the exchange-correlation, which 

encompasses quantum mechanical and classical electron interactions that 

are not captured in the other terms. The EXC term can also be fitted with 

empirical parameters to better model experimental results. There is one 

major drawback with electron-correlation: the exact functional is not known, 

and must be approximated. Even worse, there is no known systematic 

approach to improve the approximation of EXC. Oftentimes, the exchange-

correlation is evaluated against sets of experimental data, but even with good 

correlation there is no guarantee that the term is valid in a strict sense, 

because the fit could come from fortuitous cancellation of errors.45 

DFT can be used to calculate and predict electronic transitions to excited 

states by a method called Time-Dependent Density Functional Theory 
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(TDDFT). In a very simplified qualitative sense, the frequency dependent 

mean polarizability can be solved with regard to frequency and oscillator 

strength.45 The obtained excitation energies can then, for example, be used 

to predict absorption spectra. TDDFT is routinely used today and usually 

gives good experimental agreement with lower excitations. 
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Results and discussion 

Paper I 

It was hypothesized in our group that platinum complexes bearing thiophene 

rings and methoxy substituted phenyl rings would increase T1–Tn absorption 

compared to unsubstituted phenyls. In addition to this, we wanted to gain 

knowledge about the energy dissipation and radiative emission from such 

complexes. 

The synthetic strategy outlined here was developed earlier, and was also 

used in Paper III and Paper IV. Therefore, it will be explained somewhat 

more in detail here although my main contribution to the paper was the 

quantum chemical calculations discussed at the end of this chapter. 

Four novel platinum complexes were prepared in our laboratory. Three of 

the compounds carry thiophene rings at different positions in their ligands, 

and one incorporates methoxy groups in addition to a thiophene ring (Chart 

2). 

Pt

PBu3

PBu3

Pt

PBu3

PBu3

Pt

PBu3

PBu3

S S

S S

S S

Pt

PBu3

PBu3

S S

OMe

MeO

OMe

MeO

MeO

OMe

MeO

OMe

1

2

3

4  

Chart 2. Novel thiophene-containing platinum complexes 1-4. 
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The versatile building blocks 7 and 8 were prepared according to Scheme 1. 

The reaction is robust, although yields are low due to the fact that the 

coupling is not monoselective. 

 

I I

R

R

5 R=H
6 R=OMe

H OH I

R

R

7 R=H
8 R=OMe

OH
a

 

Scheme 1. Synthesis of building blocks 7 and 8. a) Pd(PPh3)2Cl2, CuI, PPh3, 

DMF/Et3N (45% and 47% respectively). 

 

Pt complexes 3 and 4 were prepared by iterative Sonogashira coupling-

deprotection of compounds 7 and 8, respectively, with 2-ethynylthiophene 

(9), Scheme 2. 
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Scheme 2. Synthesis of 3 and 4. a) 7 or 8, Pd(PPh3)2Cl2, CuI, PPh3, 

THF/Et3N (89% for both compounds); b) KOH, toluene (89%; 84%); c) 

Conditions as a (88%; 64%); d) Conditions as b (98%; 87%); e) trans-

Pt(PBu3)2Cl2, CuI, Et3N/THF (quant.; 60%). 

 

Compound 2 was synthesized according to Scheme 3, starting with the 

Sonogashira coupling of 2,5-diiodothiophene (18) to alcohol 19. Coupling of 

the remaining iodine with 4-pentylphenylacetylene as the partner gave 21, 

and, after deprotection, 22. Again, a coupling-deprotection sequence gave 

compound 23 and then 24. The alkyne ligands were connected to trans-
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Pt(PBu3)2Cl2 under Sonogashira-Hagihara conditions to give the desired Pt 

complex 2. 
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H OH
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Scheme 3. Synthesis of compound 2. a) Pd(PPh3)2Cl2, CuI, PPh3, 

THF/Et3N (68%); b) Conditions as a (86%); c) NaH, toluene (29%); d) 

Conditions as a (70%); e) KOH, toluene (66%); f) trans-Pt(PBu3)2Cl2, CuI, 

Et3N/THF (72%). 

 

 

In a similar fashion, compound 1 was synthesized using the same 

unsymmetric thiophene 20 that was used in the synthesis of compound 2, 

summarized in Scheme 4. 
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Scheme 4. Synthesis of compound 1. a) 7, Pd(PPh3)2Cl2, CuI, PPh3, 

THF/Et3N; b) KOH, toluene (63% over two steps); c) 20, Pd(PPh3)2Cl2, CuI, 

PPh3, THF/Et3N (60%), d) Conditions as b (78%); e) trans-Pt(PBu3)2Cl2, 

CuI, Et3N/THF (86%). 

After synthesis, the required compounds were characterized with 

photophysical methods. All were found to have an absorption band 

containing two overlapping peaks (Figure 4a). The closer the thiophene ring 

is to the Pt atom, the smaller the S0-S1 gap. However, the gap for 4 is even 

smaller than for 1 even though the thiophene rings in the latter compound 

are situated at distal positions, showing that the substitution pattern can 

have a profound effect on the absorption spectrum of this type of compound. 

The same trend is seen for the fluorescent emission of the compounds 

(Figure 4b, 400-500 nm). As is commonly observed for platinum(II) 

acetylides, the fluorescence quantum yield is low, at or below 5%. 
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Figure 4. (a) Absorption and (b) emission of compounds 1-4.  

 



 

13 

The phosphorescence differs between the compounds; compound 1, 2 and 

4 emits with a maximum >600 nm, while 3 has its maximum at 566 nm. The 

band shape of 3, with a weaker peak near 600 nm, suggests a different state 

than those of the other compounds, or two emitting vibronic states. 

The phosphorescence efficiency differs substantially between the 

compounds, where compound 3 emits more than the other compounds, 

especially compared to compound 2. The spectra in Figure 4b are 

normalized to fluorescence, but as the fluorescence quantum yield and band 

shape are similar, the phosphorescence spectral area can be used for a 

qualitative discussion. There are at least two plausible explanations for why 

compound 2 is such a weak phosphophore: the ISC rate from S1 to T1 (or Tn) 

could be small, or there could exist an efficient non-radiative relaxation 

pathway from T1 to S0. It can be inferred from the phosphorescence lifetimes 

of compounds 2 and 3 (Table 1), where weaker-emitting 2 has the longer 

lifetime of the two, that it is likely not a radiationless T1–S0 ISC that 

attenuates the phosphorescence of 2. 

Table 1. Phosphorescence lifetimes of compounds 1-4. 
Compound τph (μs) 
1 27 
2 280 
3 140 
4 300 

It is well known that triplet states of Pt complexes in solution can be 

efficiently quenched by dissolved oxygen, in a process where the oxygen, in 

its natural triplet state, is excited to a singlet state.46 The generated singlet 

oxygen can then phosphoresce in its relaxation to the triplet state, and this 

phosphorescence can be detected at 1270 nm. This procedure, using oxygen-

equilibrated solvents, was performed on 1-3, and it was found that the 

oxygen phosphorescence intensity followed that of the corresponding 

compound. This again suggests that the T1 state of 2 is not emptied by 

radiationless relaxation, but rather that the probability to reach T1 from S1 

differs between the compounds. 

The OPL capabilities of compounds 1-4 were measured at 532 and 600 

nm, and all compounds showed strong limiting with a clamping levels at 

approximately 4 and 5 µJ at the respective wavelength. However, there was 

no significant improvement over an all-benzenoid version of the compounds 

(denoted PE3 in Paper I). 

We investigated the influence of the geometry of compounds 1 and 2 on 

various properties using DFT calculations. Simplified structures of the 

compounds were used, where tributylphosphine was exchanged for 

trimethylphosphine, and the pentyl group of 2 was exchanged for a 
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hydrogen. The functional and basis set were chosen as a tradeoff between 

speed and accuracy.47-48 The main findings are summarized in Table 2. 

For 1, five different conformations were used as starting points in the 

geometry optimization, varying in the angle between the ligand and the Pt-P 

bond, and in the relationship of the thiophene rings. It must be emphasized 

that cis and trans here refer to the orientation of the sulfur atoms of the 

rings, and not to the configuration of Pt. The conformations are denoted pl-

pl-trans (“planar-planar-trans”), pl-pl-cis, perp-perp-trans (“perpendicular-

perpendicular-trans”), perp-perp-cis, and pl-perp. All were optimized to 

local minima, although spaced closely in energy, with a difference of only 

0.63 kJ/mol between pl-pl-trans as the most stable conformer, and perp-

perp-cis as the least stable conformer. The barrier heights between the 

conformers were not quantitated, but they are not insignificant as local 

minima were indeed found. The conformations are shown in Figure 5. 

Table 2. Calculated vertical excitation energies for compounds 1 and 2. 

Compounda Conformation Relative 

energy 

(kJ/mol) 

Wavelength 

(nm)b 

Oscillator 

strength 

1 pl-pl-trans 0 466 3.64 

 pl-pl-cis 0.08 463 3.15 

 pl-perp 0.42 430 4.10 

 perp-perp-trans 0.59 429 3.99 

 perp-perp-cis 0.63 425 3.43 

2 perp-perp-trans 0 425 4.34 

 pl-perp 1.88 430 4.33 

 pl-pl-trans 3.56 454 3.95 
a Structure simplified according to text. b Strongest transition. 

 

 

 

Figure 5. Conformers of 1. 
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The five different geometries were further characterized with regard to their 

electronic transitions, using TDDFT. It was found that the S0–S1 transition 

did not differ much in energy between the cis and the trans conformations; 

the trans transitions were a few nm longer in wavelength than the 

corresponding cis transitions, and had a slightly larger oscillator strength. A 

difference in excitation energy was however found for the planar and 

perpendicular conformations, with the former near 465 nm, and the latter 

near 427 nm, differing slightly with regard to cis and trans as described 

above. This is in accord with the experimental spectrum, where peaks at 408 

nm and approximately 380 nm can be seen, given that the TDDFT excitation 

energy may not correspond to λmax and that the calculated structures are 

simplified. 

In hindsight, another explanation would be that the experimental peaks 

have their origin in different vibrational states of the compound. The peaks 

are separated by approximately 1800±300 cm-1, consistent with aromatic 

vibrations.49 

Interestingly, there is only one major transition of the “pl-perp” 

conformation, whereas two similar—although not identical—transitions 

would be expected if the ligands were not interacting. This is not 

immediately obvious since the π-systems of the ligands are perpendicular to 

each other. Therefore, an interaction between the ligands seems to be 

mediated by the platinum atom. 

Corresponding calculations were performed for 2, but the cis conformers 

were not taken into account as they were expected to be very similar to the 

trans conformers. In this case, the opposite relation to compound 1 was 

found with regard to energy minima. Here, the all-perpendicular structure 

(perp-perp-trans) was found to be 3.56 kJ/mol below the all-planar (pl-pl-

trans) structure, with the pl-perp conformer being almost exactly the average 

in energy of those two former conformers. The presence of thiophene rings 

in proximity to the platinum atom seems to stabilize the all-planar structure; 

however, it must be noted that the energy difference may be quite different 

in the actual compounds due to structure simplifications and other factors. 

With regard to excitation energy, the same trend as for 1 was found for 2, 

where the all-planar conformation has a smaller S0–S1 energy gap than the 

all-perpendicular conformation. 

The excitations of 1 and 2 with the greatest oscillator strength were found 

to be dominated by HOMO–LUMO transitions. By visualizing the molecular 

orbitals of the all-perpendicular and the all-planar conformations, we found 

that the HOMO of them were almost identical (Figure 6). The LUMO, shown 

in Figure 7, is however vastly different, with a much greater coefficient on 

the central platinum atom for the all-planar conformation than for the all-

perpendicular one. This could then imply that the ISC is more efficient from 

a planar conformation because of a greater spin-orbit coupling. 
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Unfortunately, this hypothesis appears not to have been experimentally 

tested, but could be an interesting subject for future research. 

 

 

Figure 6. HOMO of compound 1 in the (a) perp-perp-trans and (b) pl-pl-

trans conformations. 

 

 

Figure 7. LUMO of compound 1 in the (a) perp-perp-trans and (b) pl-pl-

trans conformations. 

 

 

(a) 

(b) 

(a) 

(b) 
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Paper II 

The basis of this study comprised a rational approach to make compounds 

with a strong triplet absorption at wavelengths at and longer than 600 nm. 

The literature was examined for compounds with absorption near 550 nm,50 

keeping in mind that a red-shift is common upon coupling with platinum.51 

Among several interesting compounds, PPO with εt = 28 400 at 500 nm, and 

α-NPO with εt = 100 000 at 550 nm (Chart 3), were selected for further 

studies. 

N

O

N

O

PPO -NPO

1

2

34

5

 

Chart 3. Chemical structures of compounds PPO and α-NPO. 

 

The oxazoles in the work were synthesized by the Robinson-Gabriel 

cyclodehydration of β-ketoamides,52-53 using phosphorus oxychloride in 

DMF. The β-ketoamide is made by the coupling of a 2-aminoacetophenone 

with an aroyl halide. 

In the early stages of the project, we investigated the possibility to vary the 

substituents on the phenyl that ends up in the 5-position on the oxazole 

(Scheme 5), using acetophenone (30) as a model compound, with a plan to 

use other starting materials in the future. α-Keto halogenation with 

elemental bromine under acidic conditions gave 2-bromoacetophenone (31). 

The bromine was exchanged for an azide using sodium azide, and the 

corresponding azido compound 32 was Staudinger reduced54 in the presence 

of p-toluenesulfonic acid trihydrate to give ammonium tosylate 33. 

Preliminary work shows that the same procedure is possible using 4’-

aminoacetophenone in a Sandmeyer type reaction to give 4’-

iodoacetophenone as the starting material; however, commercial 4’-bromo-

2-aminoacetophenone hydrochloride was used in the subsequent synthesis, 

and only the 2-aryl group of the oxazole was varied. 

 
O O

Br

O

N3

O

NH2·TsOHa b c

30 31 32 33  

Scheme 5. Investigative synthesis of starting material 33. a) Br2, HBr, 

H2O/MeOH (55%); b) NaN3, KI, DMF (89%); c) TsOH·H2O, PPh3, THF 

(69%). 
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Owing to the instability of 4’-bromo-2-aminoacetophenone in basic 

solution because of self-condensation,55 the amino group was Boc protected 

before coupling to TMS-acetylene under Sonogashira conditions, as shown 

in Scheme 6. The amine was deprotected and salted out by generating HCl in 

situ from ethanol and acetyl chloride.56 

All amide couplings were straight forward and were made either in CH2Cl2 

using triethylamine as a base, or, later, under Schotten-Baumann 

conditions57-58 (CH2Cl2 and aqueous bicarbonate). 

Robinson-Gabriel cyclodehydration of the amides using phosphorus 

oxychloride in DMF afforded the oxazoles with a pendant TMS-protected 

alkyne in reasonable yields. The alkyne was deprotected using standard 

conditions of potassium carbonate in methanol. 
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Scheme 6. Synthesis of platinum coupled 2,5-diaryloxazoles 41a-e. a) 

Boc2O, Et3N, THF (quant.); b) TMS-acetylene, Pd(PPh3)2Cl2, CuI, Et3N, DMF 

(84%); c) AcCl, EtOH (83%); d) ArCOCl, Et3N, CH2Cl2 (62%-quant.); e) 

POCl3, DMF (83-93%); f) K2CO3, MeOH (68-79%); g) trans-Pt(PBu3)2Cl2, 

CuI, Et3N, THF (19-83%). †See Scheme 7. 
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In the case of the dimethylamino substituted aryl group, shown in Scheme 

7, 4-nitrobenzoyl chloride was used as the partner in the amide coupling to 

give compound 42. After cyclodehydration, the nitro group was reduced 

using zinc in acetic acid to give the corresponding aniline 44. Tin(IV) 

chloride was also used and gave similar yields. Attempts to methylate the 

aniline under Eschweiler-Clarke conditions59-60 gave a mixture of 

decomposition products; reductive amination using sodium 

cyanoborohydride and aqueous formaldehyde61 functioned satisfactorily but 

was inconsistent in terms of having to feed the reaction with reagents. The 

best of the tested methods was exhaustive methylation with methyl iodide, 

then demethylation in situ by reacting with DABCO to give compound 45.62 

Although the atom economy is very poor, the reaction proceeded efficiently 

and gave the desired terminal alkyne 40d after deprotection. 

 
O

H
N

TMS

O

NO2
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O

N

NO2b

c
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O

N

NH2 d

TMS

O

N

N

e

H

O

N

N

37

42 43

44 45

40d  

Scheme 7. Synthesis of compound 40d. a) 4-nitrobenzoyl chloride, Et3N, 

CH2Cl2 (62%); b) POCl3, DMF (47%); c) Zn, AcOH (86%); d) MeI, DMF 

(85%); e) K2CO3, MeOH (79%). 

 

The terminal alkynes were coupled to trans-Pt(PBu3)2Cl2 using 

Sonogashira-Hagihara conditions63-64 (copper(I) iodide and an amine base) 

in THF to give a small selection of Pt-coupled 2,5-diaryloxazoles: 41a-e. 

The Pt coupled oxazoles are stable when stored neat under bench-top 

conditions, but it was noticed that samples that were allowed to stand in 

solution, for example in NMR tubes or in vials after OPL measurements 

became degraded. To investigate what was formed, and how, a sample of 41c 

was dissolved in THF and allowed to stand under air atmosphere and in light 

for several weeks. TLC and NMR indicated quantitative and clean conversion 

to two new compounds. The sample was chromatographed to give N-
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formylbenzamide (46) and a compound tentatively identified as trans-[bis-

(4-ethynylbenzoic acid) bis-tributylphosphine] platinum (47). 

O2, h Pt

PBu3

PBu3

HOOC
HN

COOH

O

H
+

O

41c

46 47  

Scheme 8. Degradation of compound 41c in air and light. 

 

These compounds are in agreement with the product formed by singlet 

oxygen oxidation of the oxazole moiety.65-67 As reported in Paper I, similar 

Pt-coupled chromophores generate singlet oxygen via quenching of the 

triplet state,68 corroborating this conclusion. The UV spectrum of the 

degraded mixture of compounds is characteristically different from the one 

belonging to the pure compound, with peaks near 300 nm (ε ≈ 22000 M-1 

cm-1) and 345 nm (ε ≈ 40000 M-1 cm-1) (Figure 8). 

 

260 280 300 320 340 360 380 400 420

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

E
x
. 

c
o

e
ff
. 

(M
-1
c
m

-1
)

Wavelength (nm)

(a)

260 280 300 320 340 360 380 400 420

0

10000

20000

30000

40000

E
x
. 

c
o

e
ff
. 

(M
-1
c
m

-1
)

Wavelength (nm)

(b)

 

Figure 8. UV-vis spectra of (a) 41c; (b) degraded products of 41c 

 

The synthesized alkynes were investigated using spectroscopic methods. 

The absorption spectra of 40a-e, shown in Figure 9a, feature a broad peak 

from 300 nm to 350-400 nm depending on the substituent on the ring distal 

to the alkyne. The broad main absorption bands contain subfeatures; 

however, the general broadness suggests that the peaks originate in a wide 

selection of conformations. 

Looking at the fluorescence spectra, we noticed that compound 40e and 

especially 40c gave sharper vibronic features than the three other 

compounds. Although it is not clear why this is the case for only those two, it 

does indicate that the conformational distribution in the S1 state is smaller 

than that in the S0 state, where the peaks are broader.69 
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The fluorescence quantum yields and fluorescence lifetimes are on the 

same order of magnitude as observed for the model compounds α-NPO and 

PPO (Table 3). The high quantum yields show that the internal conversion is 

relatively slow, and would allow for efficient intersystem crossing when 

coupled to a heavy atom. 

Table 3. Fluorescence quantum yields and lifetimes of oxazole ligands 40a-

e, α-NPO and PPO. 

Compound Φf τf 

40a 0.61 1.31 

40b 0.68 1.27 

40c 0.59 1.08 

40d 0.77 1.53 

40e 0.75 1.62 

α-NPOa 0.78 2.3 

PPOa 0.7 1.6 
a From ref. 70 

Upon coupling to platinum to form the corresponding trans-bisalkyne 

bisphosphine platinum complexes 41a-e, the absorption spectra of all 

compounds are red-shifted to varying degrees (Figure 9b). This indicates 

that the conjugation of the alkyne ligand is extended onto and beyond the 

platinum atom. The amount of red-shift is not consistent over the 

compounds; for example, 40a compared to 41a shows a larger excitation 

energy difference than that of 40e vs. 41e. This suggested that the ligand-Pt 

interaction strength was modulated by the substitution pattern of the distal 

aryl. 
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Figure 9. UV-vis absorption of (a) ligands 40a-e and (b) Pt complexes 41a-

e. 

The same reasoning can be applied when comparing the fluorescence spectra 

of the ligands and the Pt complexes, shown in Figure 10. The largest red-shift 

is seen in the trifluoromethyl pair 40a/41a, and, surprisingly, a small 
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blueshift is seen in the dimethylamine pair 40e/41e. With these two facts in 

mind, the Pt-ligand interaction strength was subsequently investigated in 

silico (vide infra). Measurements of fluorescence lifetimes together with 

detected phosphorescence indicate that the S1 state of the Pt complexes is 

quickly depleted by ISC to T1, and hence the quantum yields are low with a 

maximum of 1.7% for compound 41e. 
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Figure 10. Normalized fluorescence from (a) ligands 40a-e and (b) Pt 

complexes 41a-e. 

Phosphorescence of the Pt compounds was not detected in atmosphere-

equilibrated solvents, but was observed after thorough degassing (Figure 11). 
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Figure 11. Phosphorescence of Pt complexes 41a-e. 
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An immediately noticeable feature of the phosphorescence spectra is that the 

T1 state of 41e is considerably closer in energy to its S0 state than is the case 

for the other Pt complexes. Thus, it can be anticipated that further tuning of 

the S0-T1 gap is possible by introducing other polycyclic aromatics in the 5-

position of the oxazole. 

The phosphorescence lifetimes of the complexes vary according to Table 4, 

from 26 μs to 366 μs. The reason for the rapid emptying of the T1 state of 41c 

compared to the other compounds is not known, but both such short 

lifetimes, and the longer ones, are known from our previous studies of other 

Pt complexes.68 The lifetimes show that there is ample time for a population 

increase of the T1 state for further absorption of light. 

Along with the phosphorescence lifetimes, transient absorption spectra 

were obtained by pulse pumping a solution of the respective compound, and 

measuring after a short μs delay (Figure 12). Although the transient 

absorption spectra are somewhat noisy and difficult to fully interpret, they 

correlate with the OPL capabilities discussed below, and may be a valuable 

predictor for OPL performance. 
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Figure 12. Transient absorption spectra of compounds 41a-e (10 μM in 

THF). 
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Table 4. T1 characterization of Pt complexes 41a-e. 

Compound λph (nm) τph (μs) λmax,T-T 

(nm) 

εT-T
a  10-4 

(M-1 cm-1) 

41a 578 181 700 2.9 

41b 570 233 640 1.7 

41c 568 26 630 4.1 

41d 575 309 660 6.0 

41e 605 366 700 3.4 
aAt λmax,T-T. Adjusted to compensate for decay during the delay time. 

 

The platinum complexes were tested for OPL performance using a pulsed 

laser setup, with results summarized in Figure 13. At 532 nm, 41a and 41b 

were clearly inferior to the others, with clamping energies near 10 µJ at 

higher fluences. This can be compared with the well-studied compound 

trans-Pt(PBu3)2(C≡C-C6H4-C≡C-C6H5)2 that clamped near 7 µJ. On the other 

hand, compounds 41c-e showed stronger limiting. When measuring at 600 

nm, the output energy differences of the compounds were greater, spanning 

from approximately 25 to 3 µJ. The power limiting trend roughly followed 

that of 532 nm, with 41b being an exception. Here, limiting was greatest 

with compound 41d, with a clamping value just above 3 µJ. 
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Figure 13. OPL performance of compounds 41a-e (30 mM) at (a) 532 nm 

and (b) 600 nm. 

 

The compounds were characterized by quantum chemistry calculations to 

gain further knowledge regarding their photophysical properties. The 

flexible PBu3 ligands were again changed to PMe3 in order to shorten the 

time for geometry optimizations. All ligands were optimized to a planar 

conformation, and all Pt complexes were, in the S0 state, found to have an 

energy minimum where the plane of the rings that are proximal to Pt is 

perpendicular to the Pt-P bond. Attempts to find an energy minimum where 

the referred dihedral angle is planar, by manually adjusting the bond angle, 

were not fruitful; however, the energy difference to such a conformation is in 
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the low kJ·mol-1 range and therefore a broad conformational distribution is 

expected at room temperature. 

By restricting one of the ligands to be planar and the other to be 

perpendicular to the Pt-P bond and performing a geometry optimization, we 

noticed that the energies were slightly lower than the average of the planar 

and the perpendicular conformations. This, together with the large HOMO 

distribution of the compound (Figure 14) indicates that the ligands to some 

extent interact with each other over the Pt atom, even when perpendicular. 

The DFT calculation indicates that the π-orbitals of the planar ligand are 

conjugated, over the Pt atom, with the aligned π-orbitals of the alkyne on the 

other ligand. Again, as for the compounds in Paper I, the LUMO coefficient 

on platinum is large when one or more of the ligands are planar to the Pt-P 

bond. 

 

 

 

Figure 14. (a) LUMO and (b) HOMO of 41c, having a pl-perp 

conformation. 

Since the redshift upon coupling ligands 40a-e to Pt to form Pt complexes 

41a-e differed between the compounds, we hypothesized that the reason for 

this might be a difference in ligand-Pt interaction strength, where a stronger 

interaction would induce a greater redshift, and investigated it using 

quantum chemical methods in two ways: by comparing the energy of the Pt 

complexes with their corresponding ligands, and by looking at the decrease 

of degeneracy of the lowest triplet states. 

The gain in energy was obtained by subtracting twice the ligand energy 

from the Pt complex energy for each of the Pt complexes. The relative order 

(a) 

(b) 
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of the energies obtained indicate that electron deficient ligands 40a and 

40b bind stronger to Pt than the other ligands. 

In a complementary way to the first method, the energy splittings of the S1 

and S2 states were compared. A weak interaction to Pt would imply that the 

two ligands would be degenerate, and the stronger the interaction, the 

greater the split of S1 and S2.71 The results follow the same trend as when 

comparing the redshift and bond energies. Hence, in summary, it appears as 

electron deficient ligands bind stronger to platinum than electron rich ones. 

The reason for this is not known, but may be due to back donation of 

electrons from platinum to the LUMO of the ligand, which would be lowered 

by electron-withdrawing substituents, thus giving a more favorable 

interaction. 

To understand whether the double peaks of the absorption spectrum of 

41d (Figure 9b, at 370 and 395 nm) were caused by two conformers, the 

electronic excitations of the structures in Figure 15 were calculated, using a 

solvent model to better model the experimental spectra. The SCF energies 

are virtually identical, indicating a 1:1 relationship between the 

conformations, as between the peaks in the experimental spectrum. But, in 

disagreement with our hypothesis, the excitation wavelengths are also 

identical, differing by a mere 0.1 nm. The double peak is therefore more 

likely to have some other cause, for example, excitation from S0 to both the 

first and second vibronic state of S1. 

 

 

Figure 15. Examined possible conformers of 41d. 

 

In summary, the synthesized Pt complexes show promising OPL capabilities, 

but must be shielded from atmospheric oxygen to prevent decomposition. 
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The ligand-Pt interaction was shown to be modulated by the substituent of 

the aryl distal to Pt, with increased strength with the electron-withdrawing 

substituents. It is possible to use DFT methods to accurately predict S1 and T1 

levels of similar compounds, given a small calibration set. 
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Paper III 

With a main focus to find compounds for effective power limiting around 

600 nm, the three compounds 48-50 (Chart 4) were investigated as 

interesting leads, and synthesized and tested with regard to OPL. Their 

triplet–triplet transitions were characterized using quantum chemistry 

calculations. 

All compounds contain hydroxy groups at the ends of their rod-like 

structures. The reason for this was two-fold: the group can be further 

functionalized for inclusion in solid matrices,72 and it can increase solubility 

in polar solvents for use in sol–gel glass preparation. 

 

 

Chart 4. Chemical structures of platinum complexes 48-50 and PE2. 

 

The synthesis, photophysical properties, and OPL capabilities of several 

triazoles connected to a platinum atom was reported earlier by Westlund et 

al.73 The synthetic viability and stability of triazoles make such compounds 

attractive for many kinds of applications. However, synthetic reports of 

triazoles bearing an alkyne in the 4-position are scarce in the literature, with 

less than 20 publications at the time of this writing.74 Most of those reports 

are from the mid-2000 and onward, after the discovery and development of 

the copper(I)-catalyzed azide-alkyne cycloaddition.75-76 The synthesis of this 

moiety was accomplished by reacting materials 53 and 55 (Scheme 9) to give 
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compound 56, which, after deprotection, gave terminal alkyne 57. The 

coupling-deprotection strategy outlined in Paper I was followed here, but 

instead of a propargyl alcohol as the protecting group for the alkyne, TMS 

was used, having considerably milder requirements for deprotection. After 

the rod-like ligand was extended to three rings, coupling to platinum and 

deprotection gave desired compound 48. 
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Scheme 9. Synthesis of compound 48. a) NaN3, H2O, 87%; b) TBDPSCl, 

imidazol, CH2Cl2, 88%; c) MeLi-LiBr, Et2O (n.q.); d) Na ascorbate, CuSO4, 

MeOH/Et2O/H2O, 53%; e) K2CO3, MeOH, 88%; f) (4-iodophenylethynyl)-

trimethylsilane, PdCl2(PPh3)2, CuI, THF/Et3N, 63%; g) As e, 84%; h) As f, 

68%; i) As e, 87%; j) trans-PtCl2(PBu3)2, CuI, THF/Et3N, 54%; k) TBAF 

trihydrate, THF, 84%. 

Compound 49 was synthesized according to Scheme 10 with the expectation 

that the methoxy groups of the phenylenes proximal to Pt would red-shift the 

triplet–triplet absorption band, and thus improve OPL at the red spectral 

area. The route was straight-forward and is described in further detail in the 

manuscript. It can however be noted that the bulky and fatty TIPS group 

facilitated column chromatography by making the intermediate compounds 
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more soluble; the low solubility of the longer arylethynyl chains can 

otherwise be troublesome. 
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Scheme 10. Synthesis of compound 49. a) TIPSCl, imidazol, CH2Cl2, 96%; 

b) 7, Pd(PPh3)2Cl2, CuI, THF/Et3N, 99%; c) NaOH, toluene, 70%. d) 8, see b. 

85%; e) See c. 86%; f) trans-PtCl2(PBu3)2, CuI, THF/Et3N, 67%; g) TBAF 

trihydrate, THF, 96%. 

The justification for investigating compound 50 is based on MO 

visualizations of the kind discussed in Paper I, where it was shown that the 

LUMO of compound 1 in an all-perpendicular conformation has a small 

coefficient on the platinum center. Hence, the ISC rate and OPL ability might 

be changed by changing the conformer ratio by the introduction of alkyls 

that would clash with the bulky phosphine ligands. A compound similar to 

50 was investigated earlier in our laboratory, but was not tested with regard 

to OPL.77 

The synthetic pathway, shown in Scheme 11, is somewhat different from 

the ones of, for example, 1-4 and 49. Phenol 70 was iodinated to give 71, 

then triflated to give pseudohalogen 72. This allows for selective coupling 

because of the different reactivities of the 1- and 4-position. The more 

obvious way of coupling 64 to 71, and subsequently triflating that product, 

failed due to decomposition of the product, but might also be a plausible 

route if other protecting groups are considered, assuming that was the 

problem. After coupling 63 to the iodine position, compound 73 was 

obtained. Under somewhat harsher coupling conditions and using TMS-

acetylene as the coupling partner, a mixture of compounds 74 and 75 was 

obtained. Presumably the benzyl alcohol is silylated by the excess TMS-
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acetylene, and the formed gaseous acetylene drives the C-Si ⇄ O-Si 

equilibrium forward. Fortunately, unexpected product 74 could be converted 

to 76 in excellent yield. After coupling to Pt, product 50 was obtained. 

The same route, but starting from 2,6-diisopropylphenol instead of 2,6-

dimethylphenol (70), was also attempted, but failed in the last step due to 

the lack of starting material reactivity. This may be due to the increased 

bulkiness of the isopropyl groups, but the failed reaction was not 

investigated further due to time constraints. 

 

OH ORI OTf

HO

RO

TMS

71 R = H
72 R = Tf

70
73

74 R = TMS
75 R = H

HO

H 50

76

a c d

e f

b

(34%)
(32%)  

Scheme 11. Synthesis of compound 50. a) NIS, TsOH, CHCl3, 90%; b) 

Tf2O, pyridine, CH2Cl2, 99%; c) 63, Pd(PPh3)2Cl2, CuI, THF/Et3N, 66%; d) 

Pd(PPh3)2Cl2, CuI, LiCl, TMS-acetylene, DMF/Et2NH, 34%/32% resp.; e) 

K2CO3, MeOH, quant.; f) trans-PtCl2(PBu3)2, CuI, THF/Et3N, 54%. 

After obtaining the desired compounds, they were subjected to OPL 

measurements at 532 and 600 nm, with the main results shown in Figure 16. 

Triazole-containing compound 48 showed promising results, with good 

clamping at both 532 and 600 nm. Compound 49, bearing methoxy 

substituents, was found to be even better, with clamping values lower than 3 

µJ at both measured wavelengths, which is better than for 1-4, and 

approximately equal to that of 41d. The geometry-constrained compound 

50, however, showed relatively low power attenuation, with high output 

energy. Compared to PE2 (shown in Chart 4, with hydrogens in place of the 

methyls), compound 50 is approximately equal in power limiting at 532 nm, 

and slightly inferior at 600 nm. We speculated that the reason for the 

difference in limiting might be a difference in the triplet–triplet absorption 

spectrum induced by geometry changes in the T1 state, and used quantum 

chemical methods to calculate the electronic transitions. 
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Figure 16. OPL of compounds 48-50 (30 mM in THF) at (a) 532 nm and 

(b) 600 nm. 

First, the geometries of structures 48-50, simplified with a methyl in place 

of the pendant hydroxyalkyl group and with PMe3 instead of PBu3, were 

optimized in the T1 state. Immediately noticeable was the fact that neither of 

the alkynylaryl ligands ring of 49 (and 50) were aligned with the Pt-P bond, 

as is otherwise common in the triplet state of similar structures, and was the 

case for 48. This is in agreement with the hypothesis that the conformational 

distribution of 49 in solution is shifted towards the ligand ring being 

perpendicular to the Pt-P bond. 

Following the geometry optimizations, the electronic excitations from T1 

were obtained by TDDFT methods with the functionals B3LYP and CAM-

B3LYP, and are summarized in Table 5. There is a clear discrepancy in the 

B3LYP-calculated wavelength corresponding to the S0–S1 transition between 

50 and PE2. Although not yet fully investigated, it is unlikely that the 

wavelength difference is due to electronic differences between methyls and 

hydrogens, and, instead, it may be caused by the geometry difference. 

The validity of the calculations, and the difference between B3LYP and 

CAM-B3LYP is further explored in Paper V. In brief, we show in that 

manuscript that B3LYP gave better predictions for λmax than did CAM-

B3LYP, though the experimental triplet–triplet absorption spectra are 

usually very broad and should be interpreted with caution. Here, we note 

that the correlation between the CAM-B3LYP excitation wavelengths and 

oscillator strengths, and the OPL of the synthesized compounds is striking. 
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Table 5. Calculated excitations with the largest oscillator strengths. 

 Wavelength [Oscillator strength] 

Compound B3LYP CAM-B3LYP 

48 695 [1.30] 

643 [1.79] 

577 [3.08] 

502 [0.67] 

49 706 [0.67] 

657 [1.40] 

618 [0.74] 

580 [2.88] 

527 [0.46] 

50 524 [1.44] 471 [1.57] 

PE2 602 [1.61] 497 [1.86] 

 

 

To summarize, three novel structures were synthesized and tested for 

OPL. Especially one of them, compound 49, shows promising results with its 

low clamping levels. The compounds’ triplet–triplet absorption was 

characterized in silico and was found to correlate with the experimental OPL. 
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Paper IV 

This paper was motivated by a desire to create solid matrices that contain 

chromophores of the type described in this thesis. Previous studies using 

PMMA have shown promising results,78 but there is a need for stable glass-

like matrices that are able to absorb and dissipate the heat generated by the 

absorption of strong light. Earlier work has shown that it is possible to graft 

silicon-derivatized chromophores into silica matrices.72, 79 Unfortunately, the 

derivatives are unstable, and cumbersome to purify. In addition, it has 

previously been difficult to create materials with high loadings of 

chromophores. The results presented in this paper, investigating silica 

materials, alleviates some of these problems. 

Silica glass, as found in window panes and everyday objects, is 

manufactured by melting silica particles, and shaping the viscuous melt. This 

process is not possible to use when there is a desire to incorporate sensitive 

organic molecules into the glass because of the high temperatures needed. 

Instead, the glass may be formed chemically by the hydrolysis of an alkyl 

silicate or similar species, followed by condensation.80 This is called a “sol–

gel” process, referring to a solution becoming a gel. 

There are two main classes of hybrid sol–gel materials. In class I, the 

compound of interest is dispersed in the matrix without strong bonding, 

analogous to a solution. In class II, there is strong bonding, such as covalent 

bonding, between the compound and the matrix. 

Compounds 77-79 (Chart 5) were synthesized using the strategy outlined 

in Paper I, and the synthesis is not further expounded upon here. 

 

 

Chart 5. Chemical structures of compounds 77-79. 

 

The sol–gels were prepared in the laboratory of our collaborators by first 

hydrolyzing an alkoxysilane precursor; example precursors are shown in 
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Chart 6. In this work, several additional precursors than those shown were 

used, with other organic groups attached to the silicon atom. After removal 

of the resulting alcohol product and water, the sol (i.e., the unpolymerized 

solution) is stable and can be stored cold for months. Solutions of 

compounds 77-79 were prepared and mixed with different sols. Then, in a 

crucial step, condensation was induced by the addition of an amine base; 

here APTES was used. After the addition, the sol quickly gelates and traps 

the chromophore, preventing aggregation should it be a problem. 

 

 

Chart 6. Chemical structures of example sol–gel precursors MTEOS and 

GLYMO, and condensation catalyst APTES. 

The microstructure of the gel can be controlled by the choice of precursor. 

This was shown by using positron annihilation lifetime spectroscopy, where 

the lifetime of a formed positron–electron adduct, termed positronium, is 

dependent on pore size. By comparing the positronium lifetimes of an 

MTEOS glass and an MTEOS–GLYMO 80:20 mixed glass, it was found that 

the latter glass lacked the largest pores seen in the MTEOS glass. 

The larger pores in the MTEOS glass was also qualitatively demonstrated 

by observing the phosphorescence from the materials when they were 

irradiated with UV light. The pore size allowed diffusion of atmospheric 

oxygen into the material, quenching the phosphorescence, while the 

MTEOS–GLYMO mixed glass, having smaller pores, showed strong 

phosphorescence. This observation can be important in the incorporation of 

oxygen sensitive compounds, such as 41a-e. 

The OPL abilities of the compounds in an MTEOS matrix was examined 

and was found to be approximately equal to the solution OPL, showing that 

the properties of the compounds are preserved during the sol condensation. 
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Paper V 

The chemical synthesis of a compound can be time-consuming and costly. It 

is unfortunately often the only way to obtain reliable information regarding 

physical properties. In this work, we investigate the possibility to use in silico 

methods to gain knowledge about triplet–triplet absorption. A method for 

pre-selecting compounds based on methods that are faster and easier than 

synthesis would be beneficial to research in general. Here, two different 

methods to predict the triplet–triplet absorption of compounds 41a-e 

(Scheme 6, page 18) and compound PE2 were explored. In the same way as 

described earlier in this thesis, the structures were simplified for the 

calculations by exchanging the PBu3 groups for PMe3. 

The use of in silico methods to predict triplet–triplet excitation energies 

for organometallic species are, compared to singlet–singlet excitations, 

relatively rare, but a few reports are available.81-82 In a seminal paper by 

Nguyen et al.,81 triplet absorption spectra of several organic and 

organometallic dyes were compared with calculated triplet–triplet 

excitations. A good coincidence of excitations was found when using the 

B3LYP functional, and, in fact, the mean error was found to be smaller for 

T1–Tn excitations than for S0-Sn excitations for the test set used. 

The structures for 41a-e, which had been geometry optimized in their 

lowest triplet state for Paper II using the B3LYP functional, were subjected 

to unrestricted TDDFT calculations with both the B3LYP and the CAM-

B3LYP functional from their respective optimized T1 electronic structure. 

Additionally, a method using restricted DFT was used, where the electronic 

structure is optimized in the S0 state, and T1–Tn excitation energies and 

oscillator strengths are obtained by a second-order response function.83 For 

the restricted method, functional CAM-B3LYP was used. Although the effect 

of the basis set has been shown to be small,81 a relatively large basis was used 

to maintain consistency with the calculations in Paper II. 

A comparison indicate that all calculated excitation energies, for the 

transition with the largest oscillator strength, are in remarkable agreement 

with the energy gap corresponding to the experimental λmax (Table 6, with 

transient absorption spectra shown in Figure 12 on page 23). For this small 

set of molecules, unrestricted B3LYP gives the prediction with the smallest 

RMSE of 0.15 eV and a maximum error of 0.22 eV for compound 41c. 

Unrestricted CAM-B3LYP, commonly giving smaller errors for charge-

transfer excitations,84 here gave excitation energy gaps larger than for 

B3LYP, with the slightly higher RMSE of 0.25 eV. The functionals closely 

follow the same trend between for 41a-e, though the CAM-B3LYP functional 

gives a higher energy value for PE2, compared to 41e-e, than does B3LYP. 
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Table 6. Experimental and calculated T–T excitations.a 
Compd ΔET-T 

b UB3LYP c UCAM-B3LYP c  RCAM-B3LYP c 

41a 1.77 [2.9] 1.71 [1.05] 1.97 [1.17] 2.25 [0.56] 

41b 1.94 [1.7] 1.73 [0.90] 2.01 [1.07] 2.15 [0.16] 

41c 1.97 [4.1] 1.75 [0.78] 2.03 [0.94] 2.22 [0.38] 

41d 1.88 [6.0] 1.73 [0.63] 2.03 [0.99] 2.13 [0.20] 

41e 1.77 [3.4] 1.85 [0.79] 2.17 [0.98] 2.11 [0.12] 

PE2 2.14 [4.5] 2.06 [1.61] 2.50 [1.86] 2.74 [0.42] 

a Energy gaps in eV. b Gap ±0.02 eV. εT-T
  10-4 in brackets. c Oscillator strength in 

brackets. 

Using the restricted formalism, the calculated excitation energies again 

follow the experimental ones, and show good agreement with the 

unrestricted energies, with an RMSE of 0.38 eV. This must be considered 

remarkable given the advanced level of the calculation, where neither the 

ground state electronic structure nor the excited state electronic structure 

are optimized to a triplet state. 

The oscillator strengths reported by the unrestricted methods give 

consistent values; however, this is not the case for the restricted method, 

which would appear difficult to use for predicting strong triplet–triplet 

absorbing compounds. 

The RMSE values should be used with caution, because the calculated 

transition may not correspond to λmax of the broad experimental spectrum, 

and, hence, CAM-B3LYP or some other functional may give better 

predictions than B3LYP after using a calibration set. 

In Paper II, it was shown that the experimental S0–S1 and S0–T1 energy 

gaps for compounds 41a-e gave good correlations with calculated gaps. 

However, this was not the case for T1–Tn in the present work. As visualized in 

Figure 17, the calculated excitation energy of compound 41e is 

overestimated, and the calculated energies in general have a smaller span 

than the experimental ones. The spin-restricted method gives a somewhat 

better correlation to the experimental energies, with an R2 value at 0.62, 

than the unrestricted methods with R2 values near 0.45 (linear regression 

not shown). 
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Figure 17. Calculated T–T excitation energies versus measured λmax of 41a-

e and PE2. 
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Concluding remarks 

In our quest for new, strongly active OPL molecules, we have made scientific 

contributions in several ways. From basic research, trying to understand and 

predict the processes that occur in these molecules, via rational design and 

synthesis of chromophores, to the production of active materials. Still, after 

my five years in the project, I feel that I have barely begun to scratch the 

surface of what could be done. 

Some of the more interesting areas to study further would, in my opinion, 

be triplet–triplet excitation calculations. More recent functionals often 

compare favorably to the somewhat routine choices, and a side-by-side 

evaluation would be helpful in future calculations. 

Since the triplet exciton, for the compounds studied in this work, is 

localized to one ligand, an in silico study comparing Pt complexes and their 

corresponding ligands would show if the computing time could be greatly 

reduced by performing the calculation on the ligand only. 

Conformational restriction of ligands, but in a “planar” fashion as opposed 

to the here studied “perpendicular” fashion, could also be interesting, both 

from synthetical and photophysical points of view. 

Although not a major part of my research, I find the sol–gel process to be 

intriguing — not only for OPL materials — but with good imagination and 

multidisciplinary collaborations, many novel functional materials could 

possibly be made. 

With that, I wish good luck to present and future collaborators on the 

project! 
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