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DISSERTATION ABSTRACT

Zachary Scott Walbrun

Doctor of Philosophy in Chemistry

Title: Evolving Morphology and Excited State Dynamics During Deposition and
Thermal Annealing of Organic Thin Films

Understanding the structure-function relationship for organic

semiconducting materials is critical for developing more efficient organic

photovoltaics (OPVs). Charge transfer takes place at the electron donor-acceptor

interface and is highly dependent on film morphology. Since organic molecules

have weak intermolecular forces, a variety of molecular orientations form when cast

into films, which can impact OPV performance. Thermal annealing is a typical

post-processing method used to improve sample crystallinity. This thesis first

reports on thermal annealing of the prototypical donor-acceptor system, Poly(3-

hexylthiophene-2,5-diyl) (P3HT): phenyl-C61-butyric acid methyl ester (PCBM)

using in situ linear absorbance and single-shot transient absorption (SSTA). A

sequential decay model revealed two different species in neat P3HT films with

differing interchain ordering, where the species with less interchain ordering

undergoes irreversible changes during thermal annealing. In P3HT:PCBM films,

charge transfer increases significantly after passing through the glass transition

temperature. This study shows the basis for studying how charge transfer evolves

in a nonequilibrium system.

Squaraine (SQ) molecules have a donor-acceptor-donor (D-A-D) structure

that leads to inhanced CT. In this study, an inert polymer was used to impede

SQ aggregation, allowing for in situ spectroscopic studies of molecular aggregation
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during thermal annealing. In situ linear absorption and SSTA measurements

during thermal annealing were used to reveal the changes in electronic structure

and excited-state dynamics. A sequential decay kinetic model showed that

energy transfer occurs between uncoupled and weakly-coupled monomers before

annealing and energy transfer occurs between sub-populations of slip-stacked H-

aggregates after annealing. We further use an ICT Hamiltonian model to predict

the intermolecular spacing and intermolecular charge transfer probability as a

function of aggregation. This model shows great promise in predicting both the

species present and predicting excitonic behavior for applications in OPVs.

Copper phthalocyanine (CuPc), an electron donor molecule, forms

crystallites in a pyramidal structure when cast as a thin film, but the mechanism

of aggregation is not yet fully understood. In this work, in situ linear absorption

and SSTA measurements revealed a novel intermediate stage during CuPc film

deposition. Supersaturated solutions of CuPc showed that the steps of aggregation

can be separated with H-aggregates forming in solution and J-aggregates forming

in final step of solution evaporation. Films cast from solutions of supersaturated

CuPc have a more crystalline structure and global fits to the TA spectra showed

that exciton-exciton annihilation becomes more rapid compared to regular films.

This study provides the framework for how in situ spectroscopies can be used to

design new aggregate structures and control exciton dynamics.

Recent studies of high school / freshman chemistry laboratories show

that online activities show some benefit, reducing the number of errors made in

the lab and improving scores on post-lab questions. However, their impact on

upper division chemistry laboratories have not been investigated. In this three-

year study, we measured the impact of interacting with a computer simulation
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before an in-lab activity constructing a brightfield microscope in an upper-division

physical chemistry laboratory. Students recorded their completion times for

activities performed during the laboratory and took the Meaningful Learning in the

Laboratory Instrument (MLLI) survey before and after building the microscope.

The MLLI measured the students’ affective and cognitive experiences before and

after the activity. Analysis of completion times showed that students performed

the lab activities slightly faster with a narrower distribution of completion times

when they had interacted with the simulation beforehand. Analysis of specific

survey questions from the MLLI revealed that the students who completed the

computer simulation before building the microscope were less worried about making

mistakes and finishing on time. This study shows that while a simulation of in-

lab activities may not provide any cognitive benefit to students, it may improve

their confidence in the laboratory. This thesis includes previously published and

unpublished coauthored material.
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CHAPTER I

INTRODUCTION

Includes material from:

Walbrun, Z. S.; Wong, C. Y. In Situ Measurement of Evolving Excited-State

Dynamics During Deposition and Processing of Organic Films by Single-Shot

Transient Absorption. Annu. Rev. Phys. Chem. 2023, 74 (1), 267–286.

1.1 Organic Semiconductors

Organic semiconducting materials show great promise for organic

photovoltaic (OPV) and organic light-emitting diode (OLED) applications owing

to their solution processability, compatibility with flexible substrates, and chemical

tunability.1–6 Organic semiconductors are excitonic materials owing to their

relatively low dielectric constants, with electron–hole binding energies in the

hundreds of millielectron volts. Excitons are photogenerated in OPV materials,

and the constituent electrons and holes must overcome their binding energy to

become charge separated before they can migrate to electrodes. This is typically

accomplished with a combination of organic materials, one an electron donor and

the other an electron acceptor, so that excitons encountering an interface between

these two materials may split to form a charge transfer state. This physical

separation can lower the binding energy and promote further separation of charges.

Conversely, charges are injected into an OLED device, and electrons and holes

must migrate, meet, and recombine to emit a photon.7 Thus, molecules in OLED

devices are designed to promote photoluminescence (PL) by tuning spin-orbit

coupling, the relative energies of singlet and triplet states, and the transition rates

between them.8,9 OLEDs have already reached viability and are competitive in the

marketplace. OLEDs are already found in televisions and cell phones, leveraging
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their energy efficiency, brightness, and large field of view. They are also thinner and

lighter than traditional LEDs and can be deposited onto flexible plastic substrates,

which may enable their usage in wearable electronics and health care devices such

as biosensors and phototherapeutics.10–12 Meanwhile, OPVs are just reaching

commercial viability. The efficiency of OPVs has historically lagged behind

other types of photovoltaics, with a slow rate of efficiency improvement13 despite

significant research efforts. However, the development of nonfullerene electron

acceptors over the past decade is driving a rejuvenation of interest. The first

single-junction OPV using a nonfullerene acceptor (NFA) to exceed the champion

efficiency of a fullerene-based device was at 13.1% in 201714, and efficiencies have

climbed rapidly since then, with an efficiency of 19.2% reported in 2022.15

1.2 Donor-Acceptor Systems

Typical organic semiconducting materials used in devices have either

electron donating (D) or accepting character (A). When these materials are

combined, electron donor molecules donate an electron to electron acceptor

molecules. Materials can be classified as electron donating or accepting by

comparing the energy levels of the highest occupied molecular orbital (HOMO) and

the lowest unoccupied molecular orbital (LUMO), shown in Figure 1a. Both the

HOMO and LUMO for the electron acceptor are lower in energy compared those of

the electron donor.

When the donor or acceptor materials absorb a photon, an excited electron-

hole pair (exciton) is created. The electron lies in the LUMO and the hole lies in

the HOMO of the material that is photoexcited. This exciton may diffuse through

the material and encounter a donor-acceptor interface. If the donor material is

excited, the excited electron in the donor LUMO can transfer to the acceptor
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LUMO. Conversely, if the acceptor is excited, the electron from the donor HOMO

can transfer to the acceptor HOMO. Both scenarios are examples of charge transfer

(CT), as the electron lies in the acceptor LUMO and the hole lies in the donor

HOMO. If these charges can overcome Coulomb attraction, they can separate.

When electron donor and acceptor materials are cast separately, a bilayer

(Figure 1b) is formed. A bulk heterojunction (Figure 1c) is formed if the

materials are cast together. To optimize the donor-acceptor interfacial area

while having larger domains, an intercalated bilayer (Figure 1d) can be formed.

Controlling the morphology of the donor and acceptor layers can change the donor-

acceptor interfacial area, which is critical for optimizing device efficiency. By

controlling the morphology of this active layer, the rates of these processes can be

changed. For example, using a bulk heterojunction or intercalated layer increases

the donor-acceptor interfacial area compared to a bilayer, leading to an increased

probability of forming a CT exciton.

One of the most common electron donor-acceptor systems is 3-

hexylthiophene-2,5-diyl (P3HT):phenyl-C61-butyric acid methyl ester (PCBM),

a blend of a polymer and a fullerene derivative. However, the highest reported

efficiency was 5.5% for this system.16 As typical fullerene-based acceptors have

limited spectral absorption in the UV-visible spectrum and have limited tunability,

NFAs have been synthesized and investigated. Since 2015, there have been major

developments in the realm of NFAs, such as rylene diimides and fused-ring electron

acceptors (FREAs). FREAs are molecules that contain two acceptor moieties and

one donor moiety in an A-D-A structure. The use of a non-fullerene acceptor, ZY-

4Cl, in conjunction with P3HT has increased the efficiency to 10.7%17, showing

that devices made with P3HT are still promising.
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Figure 1. (a) HOMO-LUMO diagram for an electron donor (blue) and electron
acceptor (orange). Side view of electron donor (blue) and electron acceptor
(orange) deposited on a substrate (grey) in a (b) bilayer, (c) bulk heterojunction,
and (d) intercalated bilayer.

Electron donor-acceptor-donor (D-A-D) molecules, such as squaraines (SQ)

have electron donating and electron accepting moieties on the same molecule,

leading to enhanced CT. One previous downfall of using organic semiconductors

in PVs was the limited efficiency, but this has been improved with the introduction

of electron donor-acceptor-donor and acceptor-donor-acceptor molecules. These

organic molecules have been designed to absorb more of the sun’s emission and be

very planar which leads to increased pi-pi stacking, and thus greater efficiency.18–21

An example of this kind of material is studied in Chapter 3 and the concepts from

this study will be useful and analogous to future work on A-D-A molecules.

1.3 Solution Processing and Morphology

1.3.1 Solution Processing. Solution processability is one of the

primary potential benefits of organic semiconductors. A typical organic thin

film has both amorphous and crystalline components that result from weak
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intermolecular forces between organic molecules. If the solvent evaporates rapidly

during film deposition, molecules may be kinetically trapped in a disordered and

unstable configuration. The resultant film morphology is highly dependent on the

solution preparation and film deposition technique.22

Some of the many methods that can be used to deposit solutions of organic

semiconductors22 are shown in Figure 2. Drop casting and spin coating are

commonly used in academic research laboratories to produce small-area films.

Drop casting involves casting a solution on a substrate and allowing the solvent to

evaporate, oftentimes resulting in a coffee-ring effect23 and nonuniform films. Drop

cast films are formed over the course of seconds to hours, depending on deposition

conditions such as temperature. If the deposition takes longer, molecules are able to

adopt a thermodynamically preferred orientation during deposition. Spin coating,

in which solution is deposited onto a spinning substrate and excess solution is

flung away in seconds to leave a thin film, results in more uniform films22,24, but a

significant amount of solution is wasted. Dip coating involves dipping a substrate in

a solution and withdrawing it at a constant rate. Printing processes using a brush,

spray nozzle, blade, or slot-die are amenable to roll-to-roll production methods

that can rapidly yield large-area films.3,25,26 Manufacturing these films on a large

scale could increase manufacturing speed, decrease cost, and require less energy

compared with the methods used to produce all-inorganic devices.27 With all these

methods, varying the deposition time and temperature of the substrate or solution

can drastically change the film morphology.

When solvent leaves the film rapidly, the remaining organic molecules can

adopt kinetically trapped packing structures, resulting in heterogeneity in aggregate

structure and amorphous regions.28,29 Variations in molecular arrangement and

27



Figure 2. Film deposition techniques. Solid orange and dashed orange arrows
represent solution deposition and solvent evaporation, respectively, while red arrows
show motion of deposition apparatus.

the resulting distribution of electronic coupling between organic molecules can

dramatically affect the wave functions and energies of the electronic states, as well

as the transition rates between them. This can result in exciton or carrier traps

and other local geometries that affect dynamics, exciton migration, and charge

transport. In a film with multiple components, such as the electron donor and

acceptor in an OPV, deposition and postprocessing can also affect the structure

and extent of the interface between the two systems. Changes to this interface can

affect exciton diffusion, charge transfer, and charge separation.30–32 An example

of how film deposition conditions change molecular aggregation and electronic

structure is given in Figure 3.

1.3.2 Post-Processing Techniques. Postdeposition processing

techniques such as thermal or solvent annealing can modify photophysics by

increasing the number of ordered aggregates.30,33–35 In a more rapid solution

deposition, molecules may be kinetically trapped in a disordered and unstable

configuration. Both solvent and thermal annealing can cause the molecules to

rearrange into a more thermodynamically favored configuration, but overannealing

can lead to larger domains that limit the formation of CT excitons. For a thin film

of P3HT:PCBM, as thermal annealing proceeds, P3HT domains become more

crystalline, leading to an increase in the hole mobility for P3HT.34 The PCE of
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Figure 3. Linear absorption spectra of P3HT films spin coated from a solution of
10 mg/mL (red), 5 mg/mL (blue), and drop casted from a solution of 0.2 mg/mL
(black).

SQ:PCBM films is strongly dependent on phase separation, which can be changed

by varying the ratio of SQ:PCBM or by thermal annealing.36–38 There is clearly

a delicate balance between domain size and donor-acceptor interfacial area which

impacts device performance that is difficult to reveal though ex situ measurements,

so in situ measurements can be used to help.

1.3.3 Morphology and Electronic Structure. Transition dipole

moments (TDMs) of individual chromophores are proximal in films which results

in electronic coupling. Both the proximity and orientation of TDMs determine the

degree of electronic coupling, which influences the electronic structure, and thus

the absorption lineshape. The electronic coupling (J) is a function of the transition

dipole moment (µ), θ, dielectric constant (ϵ), and the distance (R) between TDMs,

shown with the equation listed in Figure 4. J-aggregates have negative electronic

coupling and H-aggregates have positive electronic coupling. If parallel TDMs are

oriented in a tip-to-tail fashion with an angle (θ) less than 54.7◦ (Figure 4), they

are referred to as J-aggregates. The higher energy dimer state is dark (Figure
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Figure 4. Orientation of parallel transition dipole moments with angle, θ.

Figure 5. Energy diagram showing the energy level splitting resulting from (a)
J-aggregates, (b) H-aggregates, and (c) oblique aggregates. Transitions to a dark
and bright state are indicated with dashed arrow with red x and solid arrows,
respectively.

5a), resulting in a redshift of the absorption spectrum compared to the monomer.

An increase of the 0-0 vibronic peak intensity relative to the 0-1 vibronic peak

intensity is also observed. If parallel TDMs are oriented in a face-to-face fashion

with θ between 54.7◦ and 90◦(Figure 4), they are referred to as H-aggregates.

The lower energy dimer state is dark (Figure 5b), resulting in a blueshift of the

absorption spectrum compared to the monomer. For H-aggregates, an increase of

the 0-1 vibronic feature relative to the 0-0 vibronic feature is observed.

In some cases, H- and J- aggregates can coexist, either as an HJ-

aggregate39,40, or as a mixture of H- and J-aggregates.41 TDMs can also be oriented

in an herringbone packing structure (oblique aggregates), which results in Davydov

splitting.42 For oblique aggregates, both dimer states are bright states (Figure 5c),
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Figure 6. Simulated absorbance spectra using the Holstein-like Hamiltonian for
monomers (black), J-aggregates (red), and H-aggregates (blue). The following
parameters were used for the simulation: 2 molecules, 4 total vibrational quanta,
ϵ0 = 12000 cm−1, ω0 = 1300 cm−1, λ2 = 0.5. The coupling Jmn was 0 cm−1 for
monomers, -500 cm−1 for J-aggregates, and 500 cm−1 for H-aggregates.

which yields a double-hump spectrum in linear absorption. The two states resulting

from Davydov splitting are referred to as the Upper Davydov Component (UDC)

and Lower Davydov Component (LDC). The UDC has H-like character and the

LDC has J-like character. However, Davydov splitting only occurs when there is

more than one molecule per unit cell.43

A Holstein-like Hamiltonian that accounts for electronic energy, vibrational

energy, nuclear shift, and electronic coupling can be used to model molecular

aggregates in Equation 1.1.

Ĥ = ϵ0
∑
n

â†nân+ωo

∑
n

b̂†nb̂n+
∑
n

∑
n̸=m

Jmn(â
†
mân+âmâ

†
n)+ω0

∑
n

â†nân[λ(b̂
†
n+ b̂n)+λ2]

(1.1)

Where ϵ0 is the electronic transition energy, ω0 is the vibrational transition

energy, Jmn is the electronic coupling, λ2 is the Huang-Rhys parameter. The

electronic raising and lowering operators are â†n and ân, respectively. Similarly,
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the vibrational raising and lowering operators are given by b̂†n and b̂n, respectively.

This problem is simplified by reducing the number of excitations to a two-particle

approximation, given by following basis states: |n, v;m, v′⟩. In each basis state,

n is the electronically excited particle, v and v′ are the vibrational quanta for

the particles n and m respectively. This model has one electronically excited

particle with vibrational excitation and one particle in the electronic ground state

with vibrational quanta. This assumption is valid for small to medium coupling

values.44,45 With even smaller coupling values, a one-particle46 approximation

is valid, but with very large coupling values a three-particle approximation is

needed.47 The Holstein-like Hamiltonian can be used to model linear absorption

spectra and determine the electronic coupling (J), informing on the type of

aggregates in a sample.

1.4 Spectroscopic Measurements

Performing in situ optical measurements during film formation or processing

requires that light be incident on the film and a detector. Some methods of film

casting and processing can be difficult to adapt to transmissive measurement.

For example, light cannot be transmitted through the metal chuck of a typical

spincoater which holds the substrate and is driven by a motor. Homebuilt

spincoaters can be creatively designed to circumvent this problem by using the

motor to drive a pulley, which actuates and spins a second pulley with a hollow

center.48,49 Processing methodologies like annealing can also be adapted to optical

measurements.33 For example, the solvent can pass through a cell with two

opposing transparent faces. If the film is deposited on one internal transparent face,

optical measurements can be conducted during solvent annealing.50 Transmissive

measurements can also be conducted during thermal annealing and film deposition,

32



as discussed in Chapters 2-4, by constructing an electrical heating stage with a

hole in its surface to allow optical transmission.

Many types of optical spectroscopy are amenable to in situ measurement

during the formation and processing of organic films. In situ linear absorbance,

reflectance, photoluminescence (PL), optical ellipsometry, Raman, and infrared

spectroscopic measurements have all been reported33,48–58 during some change in

an organic film sample. Additionally, in situ x-ray scattering measurements can

provide incredible structural insights into film formation.59–62 Utilizing multiple

modalities of in situ measurement yields a more complete picture of both the

evolving structure and photophysics of organic systems. However, the process of

film formation and the morphology of the resulting films are often different from

one film to the next. Thus, the multiple modalities should optimally measure the

same film deposition. Otherwise, the different measurements could be reporting on

quite different film formation processes, and their results should not be correlated.

Creative instrument design strategies can enable multimodal measurements during

film formation55,63, such as absorption and PL. The two measurements can occur

at slightly different locations on the film to prevent scatter from the white light

source from contaminating the PL measurement. However, organic films are also

commonly spatially heterogeneous. The precise morphology of the film in two

measured spots may not be the same.

Multiple optical measurements can occur on the same spot on the sample

by using strategies described by Buchhorn et al.49 The white light source

and excitation laser for absorbance and PL measurements can be alternately

switched on, and transmission of the white light and sample emission after

photoexcitation are collected by the same fiber and collimated with a lens. A
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controller synchronizes these light sources with the phase of an optical chopper

with reflective blades, transmitting the PL and reflecting the white light. The

transmitted PL can then pass through an emission filter before passing through the

optical chopper again. Both the white light and PL are focused and collected by

the same fiber after the optical chopper, and measured with the same spectrometer.

This enables rapid, alternating measurements of the same spot on the sample, while

also ensuring that the white light used for the absorbance measurement does not

contaminate the PL measurement.

1.4.1 Transient Absorption. TA is a time-resolved pump-probe

spectroscopy that can measure the transition rates between stationary states in a

sample. A pulsed laser is used to excite the sample and probe the absorption of the

excited sample. The time resolution of the instrument is optimized by compressing

the laser pulses using a prism compressor, grating compressor, or chirped mirrors.

The output from the laser is typically split using a beamsplitter, with one of the

resulting beams serving as the pump and the other as the probe. The pump pulse

energy must be sufficient to excite a small population of excitons in the sample,

with typically <1% of the absorbers excited within the measured sample volume.64

A parametric amplifier can tune the wavelength of the pump pulses to be resonant

with the sample to generate a population of excited species. The probe pulse

typically has a broadband spectrum generated by focusing into some transparent

medium, but can also be narrower band for so-called ‘one-color’ measurements. A

white light continuum is more useful for investigating a larger wavelength range

and is necessary to fully explore the excited state dynamics for a system of interest.

When a pulsed laser is focused into some transparent medium or gas, this causes a

change in the index of refraction, referred to as the optical Kerr effect. The optical
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Kerr effect causes a shift in the phase of the pulse. The change of phase leads to

a frequency shift of the pulse, called self-phase modulation (SPM). Equation 1.2

represents the simplest model of the change in frequency caused by SPM65:

ω(t) = ω0 −
n2ω0z

c

∂I(t)

∂t
(1.2)

Where n2 is the second order refractive index, ω0 is the initial frequency, and z is

the propagation distance. Assuming a Gaussian pulse of I(t) = I0e
−t2/τ2 ,

ω(t) = ω0 +
2n2ω0zt

cτ 2
I(t) (1.3)

Equation 1.3 shows the dependence of the pulse power, time, and propagation

distance on the resulting white light continuum. More details on white light

generation (WLG) are given in Section 1.4.3.2.

This probe pulse interacts with the sample at some time after the pump

generates excited species. The time delay between the pump and probe pulse is

often controlled using a retroreflector on a high-precision motorized translation

stage. The pump pulse toggles between being blocked and being let through to the

sample using an optical chopper. Both the pump and probe pulses are focused to

a spot on the sample, and the transmitted probe is sent to a spectrograph, which

typically consists of a dispersive grating and a detector array. TA signal is the

change in transmission (∆T ) owing to illumination by the pump pulse. This can

then be converted to differential optical density:

∆OD = − log(∆T/T + 1) (1.4)

After the pump pulse interacts with the sample, the probe pulse can interact

with the sample, resulting in three possible observed signals (Figure 7). Ground

state bleach (GSB) occurs when the population of the ground state decreased from

pump excitation, resulting in the ground state absorption being less with pump
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excitation. This signal results in a negative ∆OD. This signal appears at similar

wavelengths to linear absorption. Stimulated emission (SE) occurs when the probe

pulse interacts with an already excited population, causing that population to

return to the ground state. As more photons are being released in this process,

the ∆OD is negative. This signal appears at similar wavelengths to fluorescence.

Excited-state absorption (ESA) occurs when the probe excites a population

that was already excited by the pump pulse to a higher energy excited state. As

less photons are incident on the detector, this signal results in a positive ∆OD.

The resultant TA signal is typically a combination of these three signals. TA

measurements can elucidate the growth and decay of populations of non-emissive

excited states after photoexcitation, which steady state spectroscopy cannot

provide.66–74 The limitation of traditional TA is that measurements at each pump-

probe time delay occur in series, typically by translating the retroreflector between

each measurement. As a result, many minutes to a few hours of measurement are

typically required to achieve a reasonable signal-to-noise ratio (SNR). This limits

traditional TA to the study of systems that are stable for the duration of that

measurement.

1.4.2 Single-Shot Transient Absorption. Single-shot transient

absorption (SSTA) addresses the limitations of traditional TA instruments by

simultaneously measuring signal at a range of pump-probe time delays. The

instrument design used in the Wong lab is shown in Figure 8. The two primary

strategies for spatial encoding are depicted in Figure 9. Angled beams can

spatially encode the time delay at the sample position,75–83 or transmissive or

reflective echelons can encode the time delay at the back focal plane of the lens

prior to the sample.84–91 The time delay between the pump and probe must vary
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Figure 7. Cartoon of possible TA signals.

Figure 8. SSTA apparatus. Ti:Sa, titanium:sapphire laser; BS, beam splitter; OPA,
optical parametric amplifier; PC, prism compressor; CHP, optical chopper; RR,
retroreflector; Ar(g), pressurized argon gas cell; SLM, spatial light modulator; CYL,
cylindrical lens. Sample stage shown in blue.

37



Figure 9. Angled beams (a) or echelon optics (b) can be used to spatially encode
the time delay between the pump (blue) and probe (grey), with dashed lines
showing the beam propagation direction.

as a function of location in the sample plane (Figure 9a) or the back focal plane

(Figure 9b), and the probe beam at that plane must be imaged onto an array

detector after it has passed through the sample. When spatial encoding occurs at

the back focal plane, the pump and probe pulses can then be focused to a spot at

the sample plane, as is typical for a traditional TA measurement. When spatial

encoding occurs at the sample plane, the measured area must be larger, which

enables higher pulse energies to be used and can improve the SNR, but requires

a relatively spatially homogeneous sample.

The fundamental elements of an SSTA instrument are similar to those for a

traditional TA instrument, with a few notable differences. Here, we focus on spatial

encoding the pump-probe time delay at the sample plane, similar to Figure 9a,

but some of the issues discussed below also apply to spatial encoding in the back

focal plane.

1.4.2.1 Time Delay and Resolution. The range of the pump-probe

time delay is trange = d sin θ/c, where d is the length of the line of overlap between

the pump and probe at the sample position, θ is the angle between the pump and
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Figure 10. (a) Schematic illustrating parameters that determine time delay. Pump-
probe time delay is different at the top and bottom of a column of sample that is
measured using a single detector pixel, resulting in loss of time resolution. (b) Time
range for three different overlap line lengths at the sample and (c) time smear for
three different film thicknesses as a function of angle between the pump and probe
pulse.

probe wave fronts, and c is the speed of light, Figure 10a. Longer lines of overlap

on the sample enable greater pump-probe time delay ranges, Figure 10b, but the

desire to measure a longer line of sample must be tempered with the increased

pulse energy, optic size, and sample size needed.

While the angle between the beams can be increased to elongate the

pump-probe time delay range, this can also reduce time resolution, particularly

when measuring thick samples, Figure 10c. The column of sample traversed

by a particular region of the probe beam will have been excited by different

regions of the pump beam, Figure 10a. This effectively smears the pump-probe

time delay within the thickness of the sample. The extent of this smearing is

tsmear = h(1 − cos θ)/c, where h is the sample thickness. Note that this is a

simplified expression that does not account for the refractive index of the sample.92

If tsmear is less than the duration of the pump pulse itself, the sample thickness

and angle will not have much impact on the time resolution. The angle can thus

be chosen with the sample thickness, pulse duration, and anticipated dynamics in
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mind, to optimize the time delay range and resolution. For example, as typical time

constants are in the tens to hundreds of picoseconds for exciton diffusion, and as

fast as a hundred femtoseconds for charge separation,93 tsmear should be <100 fs

if these processes are of interest. Figure 10c illustrates that a 100 µm film will

not limit the time resolution of an instrument if θ < 45◦. Films with h < 25 µm

will not have a significant impact on time resolution for any θ. For measurements

during film deposition, the thickness of the layer of deposited solution, which is

significantly thicker than the resulting film, may affect time resolution.

The resulting spatially encoded pump-probe time delay range is imaged onto

an array detector. If a broadband probe is used, the light will be dispersed by a

spectrograph prior to arrival at the detector. Thus, each two-dimensional image

contains a transient spectrum, and the time delay and wavelength reported by each

pixel is determined by a calibration procedure.75

1.4.2.2 Pulse Energy. Measuring a line of sample in an SSTA

instrument requires more pulse energy than that required for the equivalent

measurement of a spot in a typical TA instrument. Ideally, the pump should excite

an organic film to near the upper limit of its linear regime, such that the SNR can

be optimal while avoiding exciton-exciton interactions. The energy density required

for this can vary widely from <10 µJ/cm2 to >400 µJ/cm2 for different organic

systems.94–98 Even at the high end of this range, a pump pulse need only be 0.3 µJ

for a 300 µm spot, typical for a traditional TA instrument. However, if the pump

is spread over a 20 mm x 300 µm line for angled beam SSTA, the required pulse

energy becomes 25 µJ. Some higher repetition rate fs-laser systems may not be able

to deliver the required pulse energy after accounting for the conversion efficiency of

40



an optical parametric amplifier and energy losses at the optics that interact with

the pump.

The need for increased pulse energies also applies to the probe. A pulsed

white light continuum for broadband TA measurements is typically generated

by focusing the fundamental of a fs-laser into a crystal of sapphire or calcium

fluoride.65 The conversion efficiency of the incident pulse at its original wavelength

to the broadband pulse is typically quite low, for example only ∼2% in sapphire.92

Despite this low efficiency, sapphire is capable of producing sufficient broadband

pulse energies for TA measurements of small sample spots. In any spatially encoded

SSTA measurement the probe pulse must be imaged onto multiple pixels, with each

pixel encoding some particular pump-probe delay time. Thus, more probe photons

are necessary to achieve a similar SNR. The simplest way to increase the energy

of the broadband pulse for a spatially encoded SSTA measurement is to increase

the pulse energy input into the sapphire. However, when the laser-induced damage

threshold of the material is exceeded, the intense electric field of femtosecond laser

pulses can induce avalanche ionization in solid media, which irreversibly damages

the material. Although sapphire has a relatively high damage threshold (5-10

J/cm2 using 100 fs pulses),99 it is not capable of generating adequate broadband

pulse energy for measurements using a spatially encoded time delay without

damage.

Damage can be avoided and adequate broadband probe energies can be

achieved by utilizing non-solid media for continuum generation. High pulse energies

have been reported when generation occurs in liquid jets100–102 and in gas cells.103

Although the conversion efficiency may be significantly lower than in solid media,

their resistance to avalanche ionization enables the use of intense input pulses that
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Figure 11. (a) White light spectrum generated from an argon tube at a differential
pressure of 0.56 bar. (b) Corresponding percent standard deviation.

more than compensate for the lower conversion inefficiency. Continuum generation

in an argon gas cell is an example of this. Continuum generation occurs over a

short distance in the center of a >1 m long cell, with long focal lengths into and

out of the cell preventing damage to the input and output cell windows. Many

factors impact conversion efficiency and spectral stability for a gas cell, such as

focal length, the diameter of an iris before the cell, pulse duration, gas pressure,

and gas identity.92,104 White light stability is poor at smaller iris diameters and at

higher diameters becomes unstable again (Figure 11) and can lead to burning of

the windows of the argon cell. Although the efficiency of a gas cell may be well-

under 1%, this is offset by the increased input energy, yielding an output energy

that is sufficient for SSTA measurements.

1.4.2.3 Beam Flattening. Accurate TA measurements using a

spatially encoded pump-probe time delay require that the pump and probe both

have a relatively flat spatial profile at the plane where spatial encoding occurs,

either the sample plane or the back focal plane. If a Gaussian spatial profile is

used, a larger population of excited species will be photogenerated for pump-
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probe time delays encoded by the middle of a focal line or the middle of the back

focal plane. This could result in different dynamics owing to interactions between

these excited species (e.g. exciton-exciton annihilation), which would make the

spatially encoded measurement inaccurate. Those same areas would then be

measured with larger probe intensity, yielding a greater SNR, while the edges of

the spatially encoded region would be measured with weaker probe intensity and

have a lower SNR. This is the primary reason why many of the SSTA instruments

have such short pump-probe time delay ranges – in these instruments, only the

central, relatively flat portion of a Gaussian beam profile is utilized for the spatially

encoded time delay. The time delay range can be expanded by flattening the

spatial profile of the pump and probe pulses such that the pulse energy is equally

distributed over the measured line of sample.

If the input beam is close to Gaussian, commercially available aspherical

lenses can shape the beam to a top-hat profile, which can be used in the back focal

plane of an imaging system, or further focused to a flat line using a cylindrical

optic. If the initial beam profile is not adequately Gaussian, the output from this

optical system may not be adequately flat. In this case, geometric beam shaping

can be performed on both the pump and probe pulses using a phase-only spatial

light modulator (SLM). For the system described here, a SLM is used to reshape

both the pump and the probe. Variable phase is imparted to light that interacts

with each pixel of the SLM, which can cause the SLM to act similarly to a lens

or prism, adjusting the convergence and translation of parts of the beam, Figure

12a. While the phase map needed to shape an imperfect Gaussian profile to a top-

hat is not analytically known, numerical methods can be applied to get close to

an even spatial profile.83 Calibration and normalization can account for any small
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Figure 12. (a) Intensity of a Gaussian spatial beam profile can be redistributed into
a flat-top profile using an SLM. (b) Pump beam focused to the sample plane using
a cylindrical lens. Inset shows a top-down view of the bowtie shape at the sample
plane. (c) Pump beam imaged with fluorescent sample showing initial bowtie shape
(black) and after imparting variable focal length (grey).

remaining variations in the spatial profile of either the pump or the probe, so long

as the measured sample is excited in the linear regime.75 However, post-processing

of the data cannot change the SNR measured at different locations. When using

a pump beam with a non-uniform spatial profile, the areas with lower incident

energy density will have a lower density of excited species and thus a reduced

SNR. Similarly, the regions measured with lower probe energy will also suffer from

a lower SNR. Thus, measurements using closer to perfect top-hat spatial profiles

and with incident power close to the upper limit of the linear excitation regime will

have a better SNR.

If the pump is focused to a line to spatially encode the time delay, one

subtle consideration is that the pump pulse energy should ideally be uniform over

both the length and width of the line projected by the pump onto the sample.

If the pump pulse is not incident normal to the sample, the focal line produced

by a cylindrical lens will also be angled relative to the sample. Thus, even if the

44



pump is focused to a perfectly evenly illuminated line, its projection onto the

sample plane will appear to be shaped like a bowtie, with more energy density at

the center compared to the edges, Figure 12b. The overall pulse energy would

have to be lowered to avoid exciton-exciton interactions in the center, lowering the

measured SNR at the edges. This is an argument for using an SLM to shape the

beam instead of a simple aspheric lens, as its phase map can be modified to provide

variable focal length lensing to avoid the bowtie shape at the sample plane.92 The

pump beam is difficult to image directly, but a fluorescent sample can be used

to determine the intensity profile of the beam before and after implementing the

variable focal length with an SLM, Figure 12c.

1.4.2.4 Dynamic Background Correction. Traditional TA

measurements utilize a single optical chopper in the pump beam line such that the

transmission of the probe pulse with (T1) and without (T0) pump photoexcitation

of the sample can be measured and compared to yield the differential transmission

(∆T = T1–T0). Any light that is incident on the detector but is not altered by

the presence of the pump (e.g. ambient light) will not be included in ∆T . The

pump itself, however, can cause additional detected light that is unrelated to the

differential transmission. In particular, the pump can cause sample PL and scatter,

and if any of this light is incident on the detector it will contribute to the apparent

∆T as it is also modulated by the presence or absence of the pump. As the pump-

induced PL and scatter do not change as a function of pump-probe delay time, the

contribution of this light to ∆T is not typically a significant issue – the constant

baseline in the measured transients and can be simply subtracted during data

processing. These contributions are more problematic if they vary as a function

of the pump-probe delay, as may be the case for a spatially encoded time delay, and
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if these contributions change as a function of real-time, as is likely for an evolving

sample. An additional optical chopper placed in the probe beam line can allow

these background contributions to be subtracted for each measured transient. If the

frequency of the chopper in the pump beam is double or half that of the chopper

frequency in the probe beam, all four possible combinations of the pump and probe

pulses can be detected: T11, T10, T01, and T00, where Tpump probe is the transmission,

0 represents a blocked pulse, and 1 a pulse incident on the sample. T10 accounts for

the pump-induced scatter and PL and T00 is signal present when neither pump nor

probe are incident on the sample, including dark current and ambient light.105 The

differential transmission can be calculated as

∆T

T
=

(T11 − T10)− (T01 − T00)

(T01 − T00)
(1.5)

and then converted to ∆OD. This correction technique is critical when measuring

evolving organic films, as the PL and scatter are likely to undergo significant

changes. The PL detected can vary spatially, resulting in a varying contribution

to the ∆T signal as a function of a spatially encoded time delay as opposed

to appearing as a constant baseline. Thus, its contribution must be measured

separately and subtracted. The PL decreases significantly when the molecules

aggregate to form a thin film, thus requiring that its contribution be continually

measured during any change from solution to film. Additionally, the film may have

small structural features that cause pump scatter, and these contributions must

also be subtracted. Note that scatter subtraction does not entirely eliminate the

impact of scatter. As TA is the measure of a very small signal (∆T ) on top of a

large transmission signal, a large dynamic range is needed. Scatter consumes some

of that dynamic range, leaving less for the signal from transmission and the small

fraction that comprises the differential transmission.105
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The incorporation of dual choppers to measure these background

contributions also increases the time needed to perform each measurement, and

thus the time needed to attain an adequate SNR. However, each individual

corrected transient still only requires a few ms, and the measurement will be

accurate as long as the sample does not significantly change during those few ms.

Averaging multiple spectra will still accurately report the dynamics during that

averaged time period.

1.4.2.5 Spatial Heterogeneity. Organic thin films may be spatially

heterogeneous, which can place limitations on SSTA. This does not pose a problem

for SSTA measurements if the pump-probe time delay is spatially encoded at

the back-focal plane, as the same sample volume will be measured for each time

delay. Heterogeneity can, however, pose a problem if the time delay is encoded at

the sample plane. In this type of SSTA measurement, each pixel of the detector

corresponds to a particular region of the sample, and that pixel reports the

ensemble TA measurement for some particular pump-probe time delay. Thus,

heterogeneity within each small sample volume is averaged in that ensemble

measurement and does not present a problem. On the other hand, heterogeneity

between the small sample volumes does present a significant problem, as the

dynamics within each small volume may be different and thus the transient built

from a series of these small volumes would not be accurate. A motorized actuator

can be used to translate the sample during a measurement to effectively increase

the size of the ensemble being measured by each pixel.83,105 The rate and distance

needed for sample translation depends on the size of the spatial features in the

sample and the number of pixels onto which the probe is imaged.
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1.4.3 Summary. Compared to a traditional TA spectrometer, the

SSTA spectrometer (Figure 8) used in this thesis includes an argon tube for

white light generation with sufficient power, a SLM for reshaping the beam profiles

from Gaussian to flat-top, and a secondary chopper for a dynamic background

calculation. These are essential components because typical white light sources

for TA measurements cannot provide enough power, uniform excitation and probing

of the sample is necessary for accurate meaurements of excited state dynamics,

and organic thin films have a large contribution of pump scatter that evolves

during in situ measurements that must be corrected for. SSTA has allowed for in

situ measurements of excited state dynamics during evolution of a sample with

reasonable SNR in ∼30 s. SSTA was used to investigate polymer: fullerene blend

films and donor-acceptor-donor films during thermal annealing (Chapter 2,3) and

donor films during film deposition (Chapter 4).
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CHAPTER II

THERMAL ANNEALING OF DONOR-ACCEPTOR BLEND FILMS

Includes material from:

Walbrun, Z. S.; Fisher, R. V.; Wong, C. Y. Evolution of Charge Transfer During

Thermal Annealing of a Polymer:Fullerene Thin Film. 2025, Submitted.

Organic semiconducting materials show great promise for use in organic

photovoltaics (OPVs) owing to their chemical tunability, energy efficiency, and

solution processibility1–3,6,106, but their power conversion efficiency (PCE) has

historically lagged behind all-inorganic devices.13,106 One of the most studied

organic semiconducting material combinations, poly(3-hexylthiophene-2,5-diyl)

(P3HT): phenyl-C61-butyric acid methyl ester (PCBM), can only reach a top

PCE of 5%107, primarily limited by the low absorption of visible light by PCBM.

OPVs are the focus of renewed attention owing to the development of non-fullerene

electron acceptors.6,15,108,109 OPVs prepared with a non-fullerene electron acceptor

in conjunction with P3HT have yielded a PCE of 10.7% after thermal annealing17,

demonstrating the promise of P3HT when combined with a suitable acceptor.110

In this paper, we use P3HT and PCBM as a model system to demonstrate a

methodology for measuring how the excitonic processes change during thin film

processing and present a framework for using measured dynamics to determine the

evolving sub-populations of polymer morphologies. This is an ideal model system

for initial analysis, as PCBM, a fullerene derivative, does not exhibit significant

ordering in blend films111 and its absorption spectrum does not significantly overlap

with P3HT. Thus, the P3HT:PCBM measurements reported here can focus on

the behavior of the P3HT. This can be used as a basis for comparison with future
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measurements of P3HT with non-fullerene acceptors, which will likely absorb light

in the visible region and exhibit annealing-induced molecular ordering.112

OPVs are composed of an active layer containing organic semiconducting

materials sandwiched by electron and hole transfer layers and electrodes. The

active layer is typically comprised of a combination of electron donor and acceptor

materials. A photogenerated exciton in the active layer must diffuse to a donor-

acceptor interface to form a charge transfer (CT) exciton, where the electron

and hole reside in the acceptor and donor materials, respectively. These charges

separate if they can overcome their binding energy. Active layer morphology

has a major impact on electronic structure, which affects the rates of these

processes. The structure of P3HT aggregates in thin films are difficult to predict,

as they contain a heterogeneous distribution of kinetically trapped aggregates

due to the weak intermolecular forces between organic molecules.28,29,113,114 For

a semiconducting polymer where each monomer is a chromophore, the electronic

structure of the organic semiconductor changes as a result of electronic coupling

between monomers, which depends on the proximity and orientation of their

transition dipole moments (TDMs).115 In P3HT, the TDM for each monomer lies

along the backbone of the polymer chain. In a straight P3HT chain, monomers are

aligned head-to-tail such that their TDMs are colinear. This intrachain ordering

results in negative electronic coupling and is called J-aggregation. H-aggregation

occurs when monomers are aligned face-to-face with parallel TDMs, which occurs

if separate segments of a P3HT chain undergo π − π stacking. This interchain

ordering results in positive electronic coupling. In some cases, H- and J- aggregates

can coexist as an HJ-aggregate39,40 or as a mixture of H- and J-aggregates.41 In

P3HT films, intra- and interchain order coexist, leading to HJ aggregates with
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electronic coupling determined by the relative amount of H- and J- aggregation.

The relative intensity of the 0-0 and 0-1 vibronic features is a useful indicator

of the degree of intra- and inter-chain ordering, which manifests as J- and H-

aggregation, respectively.39,116 Intra- (inter-) chain order will generally cause the

absorption spectrum to red- (blue-) shift, and the 0-0:0-1 peak intensity ratio to

increase (decrease).

Typically, the effect of interchain ordering in P3HT films dominates

over intrachain ordering, to yield absorption spectra that are primarily H-like

in character. However, spectra that exhibit more J-like character have been

observed in single-crystal P3HT,117,118 P3HT nanofibers,119 and P3HT:polyethylene

oxide (PEO) films washed with water.120 Even in P3HT films with dominant

H-like character, fluorescence measurements can show variations in interchain

order.121,122 Oh et al. reported that solution preparation methods drastically

change the structure of P3HT in solution, as P3HT solvated at lower temperatures

adopts a rod-like conformation, while higher temperatures yield a coil-like

conformation.123,124 P3HT and P3HT:PCBM films that are spin coated from a

solution of coil-like P3HT exhibit less interchain order.124 P3HT:PCBM films that

are spin coated typically result in an amorphous film with minimal crystallinity as

indicated by the lack of vibronic features in its linear absorption spectrum.74

Solvent and thermal annealing are common OPV processing techniques

that improve PCE by increasing the extent of crystallinity and homogeneity in

the active layer.34,114 In P3HT:PCBM films, thermal annealing causes phase

separation, leading to larger, more crystalline of P3HT domains with higher

carrier mobility.34,125–130 Performing in situ measurements during thermal

annealing provides insight into the relationship between structure and function.
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In situ XRD measurements of P3HT films by Joshi et al. show a decrease in the

π − π stacking distance and increase in lamellar spacing during annealing that

reverted to their original geometry during cooling.131 Pingel et al. used linear

absorption measurements during thermal annealing to show that pre-melting of

the P3HT chains below the melting point caused a decrease in the conjugation

length of the polymer that reverted to its original conjugation length upon

cooling.132 Agostinelli et al. collected in situ grazing-incidence wide-angle X-ray

scattering (GIWAXS) measurements of P3HT:PCBM during thermal annealing

and found an initial crystallization event during which the disordered P3HT

monomers formed aggregates. Further annealing of the P3HT:PCBM films lead

to aggregate growth.130 A combination of in situ current-voltage and GIWAXS

measurements by Treat et al. showed that an increase in PCE is observed with

the formation of P3HT crystallites with π − π stacks formed parallel to the

substrate.133 To complement these in situ measurements of structure, we aim to

understand how thermal annealing affects the fate of excitons by using in situ

electronic spectroscopies. Here, we report on changes induced by thermal annealing

and subsequent cooling by applying in situ linear absorption and single-shot

transient absorption (SSTA) to neat P3HT films and P3HT:PCBM blends. This

methodology can be used for future studies of other donor: acceptor pairs, such

P3HT with non-fullerene acceptors.

2.1 Experimental Details

P3HT (Ossila, 24.480 kDa, 93.6% regioregularity) and PCBM (Solaris

Chem, 99.5% purity) were both used without further purification. Solutions of

P3HT, P3HT:PCBM, and P3HT:PMMA were prepared at 10 mg/mL, 10:10

mg/mL, and 10:80 mg/mL in chloroform, respectively. Solutions were heated to
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40°C and stirred at ∼650 revolutions per minute (RPM) for ∼4 hours. Prior to film

deposition, glass substrates were cleaned with acetone and methanol. 100 µL of

solution were deposited onto the cleaned slides and then spin coated for 30 seconds

at 6000 RPM.

Linear absorption and SSTA measurements were conducted on a homebuilt

electric heating stage with a slit in the center, allowing light to pass through for

in situ measurements. Films were annealed within four hours of deposition, with

the sample stage temperature increasing from 30°C to 140°C, increasing by 10°C

every 5 minutes. Cooling occurred passively over the course of ∼3 hours. Film

temperature was recorded using an IR thermometer (FLIRTG54, emissivity 0.95),

Figure 13a.

The output of a 7 W, 1 kHz Ti:Sa laser at 800 nm (Coherent Astrella) was

split into pump and probe pulses. The desired pump wavelength was selected

using an optical parametric amplifier to be 520 nm, resonant with P3HT and

P3HT:PCBM films. A prism compressor in the pump beam path yielded ∼80 fs

pulses at the sample position. The probe was focused into a 1.6 m homebuilt argon

cell with a differential pressure of 0.55 bar for white light generation. The path

length of the probe was controlled by a retroreflecting mirror on a translation stage

(Newport).

A phase-only spatial light modulator employing geometric beam shaping

reshaped the profiles of the pump and probe from Gaussian to flat-top. Cylindrical

lenses focused both the pump and probe to a ∼22 mm x ∼85 µm line on the

sample. The pump was incident on the sample at an angle of 55° with respect

to the probe to generate the spatially encoded time delay. The probe passed

through the 25 µm slit of a spectrograph (Princeton Instruments) and was imaged
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Figure 13. (a) Stage and film temperature as a function of time. (b) Linear
absorption spectra of a P3HT film at the temperatures indicated by colored
markers in (a). (c) Peak positions during annealing and cooling from Gaussian
fitting.

on a CMOS camera (Andor Zyla). A 30 groove/mm grating was used in the

spectrograph resulting in a wavelength range of ∼170 nm. SSTA measurements

were collected in 30 s with a time delay range of ∼60 ps75,92,134 and used pulse

energies of 402 nJ and 10 nJ for the pump and probe at the sample stage,

respectively.

2.2 Neat P3HT Films

2.2.1 Linear Absorption. Linear absorption spectra measured

during thermal annealing and subsequent cooling of a neat P3HT thin film are

shown in Figure 13b. The absorption spectrum of P3HT is composed mainly of

three vibronic features at ∼610 nm, ∼560 nm, and ∼510 nm, as well as one broad

peak at ∼450 nm associated with amorphous P3HT. The linear absorption spectra

were fit to a weighted sum of four Gaussians representing these four features to

determine the peak positions as a function of annealing and cooling, Figure 13c.

A clear blue-shift in both the 0-0 and 0-1 peaks is observed in the

absorption spectrum during heating. As the films are cooled, both the 0-0 and

0-1 peaks redshift to near their original positions before annealing began. This
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reversible blue-shift for P3HT has been characterized as a shortening of the

conjugation length by pre-melting of the polymer at domain edges.132,135–137 The

pre- and post-annealed linear absorption spectra are nearly identical, except for

a slightly higher 0-0:0-1 ratio for the post-annealed spectrum, likely due to an

increase in intrachain ordering. It is well known that annealing polymer films

can cause an irreversible increase in crystallinity,131,138–140 dependent on film

thickness131 and molecular weight.140 As this change is not clearly observed using

linear absorption measurements, we turn to the excited state dynamics to see

whether it will be sensitive to this change in crystallinity.

2.2.2 Single-Shot Transient Absorption. Excited state dynamics

is of great importance for organic semiconductors, particularly the timescale and

efficiency of exciton diffusion, charge transfer, and charge separation. Excited state

dynamics has been previously characterized using transient absorption (TA) for

a variety of P3HT film morphologies74,97,128,137,141 and P3HT:PCBM films before

and after thermal annealing.34,74,127,128 However, TA measurements have not been

collected during thermal annealing of either type of sample due to the timescale

of annealing compared to typical TA acquisition times. Here, we report the first

in situ TA measurements during thermal annealing and cooling of P3HT and

P3HT:PCBM films using SSTA.

SSTA spectra were measured during the annealing and cooling process using

the temperature ramping scheme described in Figure 13a. Prior to annealing

(Figure 14a,d), two ground state bleach (GSB) features are observed at ∼550 nm

and ∼600 nm that are associated with the 0-1 and 0-0 transitions, respectively. As

annealing proceeds, the spectrum blue-shifts (Figure 14b,e), owing to decreased
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Figure 14. SSTA spectra of a P3HT film measured during (a) heating at 30°C, (b)
140°C, and (c) cooling at 30°C. (d), (e), and (f) show spectral slices from (a), (b),
(c), respectively.

P3HT conjugation length. As the film is cooled back to room temperature, the

spectrum redshifts to near its original position (Figure 14c,f).

2.2.3 Kinetic Modeling. These transient spectra were globally

fit with evolution associated difference spectra (EADS) using two exponentials,

Equation 2.1. In this model, the species with spectrum A1 is excited with the

pump and must undergo energy transfer with a time constant of τ1 to the species

with spectrum A2. The species with spectrum A2 decays to its ground state with a

time constant of τ2.

∆OD(t, λ) = A1(λ)e
−t/τ1 + A2(λ)

(
τ2

τ1 − τ2
e−t/τ1 +

τ2
τ2 − τ1

e−t/τ2

)
(2.1)

At the beginning of annealing, A2 has a smaller 0-0:0-1 intensity ratio than

A1 (Figure 15c,g) implying that the P3HT aggregates that contribute to A2 have

more interchain ordering, and that excitons are funneled to the more highly ordered
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Figure 15. Globally fit EADS to SSTA measurements of P3HT films during
annealing and cooling using Equation 2.1. (a) A1 and (e) A2 as a function of
heating. (b) and (f) show slices from (a) and (e) at temperatures given by color.
0-0:0-1 ratios for (c) A1 and (g) A2 as a function of annealing and cooling. (d)
Short and (h) long time constant as a function of heating and cooling.

aggregates. The time constant of this transition agrees with previous reports of 3

ps74 energy transfer between P3HT aggregate species. As thermal annealing and

cooling proceeds, the 0-0:0-1 ratio in the A1 spectrum approaches 0.5, indicating

the irreversible formation of more ordered H-aggregates. The A1 spectrum blue-

shifts during annealing and this shift is not fully reversed upon cooling, showing

a persistent increase in interchain order. The A2 spectrum undergoes a blue-shift

during heating that is reversed upon cooling, similar to the linear absorbance

spectra, indicating a temporary change in conjugation length during annealing. The

0-0:0-1 ratios in the A2 spectra change significantly less compared to A1, suggesting

that A2 arises from aggregates that already exhibit interchain order prior to

heating. After annealing and cooling, the 0-0:0-1 ratios for A1 and A2 are similar.

Based on these observations, A1 and A2 are assigned to the P3HT aggregates that
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Figure 16. (a) Linear absorbance spectra for a film of neat P3HT (blue) and 1:8
P3HT:PMMA (red). (b) Schematic indicating J- and H-aggregates in bulk P3HT.

began, before annealing, with less and more interchain order, respectively, but have

similar structures after annealing.

To support our assignment of A1 to P3HT aggregates with less interchain

order, P3HT was dispersed in an inert polymer matrix of polymethyl methacrylate

(PMMA) to disrupt the H-aggregation of P3HT chains. As the concentration

of PMMA is increased in the P3HT films, the 0-0:0-1 intensity ratio increased,

exhibiting less H-like character (Figure 16). However, the 0-0:0-1 ratio never

surpassed unity, implying that H-aggregate character is dominant in the

P3HT:PMMA films, similar to the peak intensity ratios observed in neat P3HT

films. This is consistent with previous reports of P3HT:PMMA blends.142

Due to weak intermolecular forces between organic molecules, many different

configurations of P3HT can be observed in films before annealing. These differences

are sometimes subtle and may not be observable with linear absorption. We have

also measured neat P3HT films that produced identical linear absorption spectra

(Figure 17), but significantly different dynamics. EADS fits to the SSTA spectra

showed a larger population of P3HT aggregates with significant interchain ordering
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Figure 17. Linear absorbance spectra for pre-annealed (blue, solid) and non-pre-
annealed (red, dashed) P3HT films (a) before and (b) after annealing.

Figure 18. Globally fit EADS to SSTA measurements of P3HT films that began
as pre-annealed during annealing and cooling using Equation 2.1. (a) A1 and (e)
A2 as a function of heating and cooling. (b) and (f) show slices from (a) and (e)
at temperatures given by color. 0-0:0-1 ratios for (c) A1 and (g) A2 as a function
of annealing and cooling. (d) Short and (h) long time constant as a function of
heating and cooling.
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Figure 19. (a) Linear absorption spectra of a P3HT:PCBM film during heating and
cooling. Peak (b) positions and (c) amplitudes as a function of time from Gaussian
fitting.

prior to thermal annealing, and thus the thermal annealing and cooling process

resulted in minimal persistent change to P3HT structure and exciton dynamics

(Figure 18).

2.3 P3HT:PCBM Films

2.3.1 Linear Absorption. Linear absorption spectra measured

during thermal annealing and cooling of a P3HT:PCBM thin film (Figure 19a)

were fit to a weighted sum of four Gaussians. Peak positions as a function of

annealing and cooling are shown in Figure 19b.

The absorption spectrum of as-cast films resembles that of P3HT in

solution, indicative of amorphous morphology. An increase in the vibronic structure

is observed as the films are heated from 30°C to 60°C (Figure 19c), indicating

the formation of crystalline domains from amorphous P3HT. This occurs as the

P3HT:PCBM film passes through its glass transition temperature at ∼50°C.143

A blue-shift is observed as heating continues, ascribed to a decrease in P3HT

conjugation length. As the film is cooled back to room temperature, the absorption

spectrum red-shifts as the conjugation length rises. An increase in the 0-0 vibronic

feature intensity is also observed, indicating increased intrachain ordering.
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Figure 20. SSTA spectra of a P3HT:PCBM film measured during (a) heating at
30°C , (b) 140°C, and (c) cooling at 30°C. (d), (e), and (f) show spectral slices from
(a), (b), (c), respectively.

2.3.2 Single-Shot Transient Absorption. SSTA spectra measured

during the heating and cooling of a P3HT:PCBM film are shown in Figure

20. The negative GSB spectrum is similar to that of neat P3HT (Figure 14)

and an additional positive ESA feature at ∼660 nm is ascribed to polarons in

P3HT, indicating charge transfer between P3HT and PCBM.34,74 Before annealing

(Figure 20a,d), the GSB signal decays with a single time constant of ∼270 ps. As

annealing proceeds, a more rapid ∼5 ps decay of the GSB emerges (Figure 20b,e)

simultaneous with the growth of signal from polarons, indicating increased charge

transfer. The growth of polaron signal relative to GSB as amorphous P3HT gains

crystalline order shows that annealing is beneficial for charge transfer.

2.3.3 Kinetic Modeling. An EADS model was used to fit the SSTA

spectra during annealing and cooling (Figure 21). The transients at 30°C and

40°C during heating were best fit with one exponential decay, as the fast charge
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Figure 21. Globally fit EADS to SSTA measurements of P3HT:PCBM films during
heating and cooling using Equation 2.1. (a) A1 and (d) A2 as a function of heating
and cooling. (b) and (e) show slices from (a) and (d) at temperatures given by
color. (d) Short and (h) long time constant as a function of heating and cooling.

transfer process is not yet evident. Once the glass transition temperature (50°C) is

reached, a second exponential is necessary to fit the faster process that emerges.

The new time constant (τ1) is ∼5 ps, which is consistent with the decay of the

GSB signal and the slight rise of the ESA signal observed in Figure 20 and with

previous reports of the charge transfer rate in annealed P3HT:PCBM films.34

Both A1 and A2 have spectral features that become more pronounced as cooling

proceeds (Figure 21b,e), indicating that the P3HT is becoming more crystalline.

We assign A1 to excitons in P3HT, as its spectrum has negligible ESA from P3HT

polarons. The larger ESA contribution in A2 suggests that this spectrum represents

the charge transfer state between P3HT and PCBM.

2.4 Summary

We used a combination of in situ linear absorbance and SSTA measurements

to track the evolving aggregation and excited state dynamics during annealing and
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cooling of P3HT and P3HT:PCBM films. SSTA spectra of neat P3HT films were

modeled with EADS and revealed the presence of two species, which begin with

less and more P3HT interchain ordering prior to thermal annealing. Both species

exhibited a reversible spectral blue-shift owing to the pre-melting of P3HT domain

edges, but only the species with less interchain ordering had an irreversible increase

in ordering with annealing. SSTA spectra of P3HT:PCBM films revealed that

passing through the glass transition temperature increased charge transfer. EADS

fits revealed the spectra for P3HT excitons and the P3HT:PCBM charge transfer

state. In sum, P3HT:PCBM was used as a model system to demonstrate how

polymer ordering and charge transfer can be measured during thermal annealing

of electron donor-acceptor systems. This model provides the basis for future studies

of other donor-acceptor systems, such as P3HT and non-fullerene acceptors.
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CHAPTER III

THERMAL ANNEALING OF DONOR-ACCEPTOR-DONOR FILMS

Includes material from:

Walbrun, Z. S.; Leibfried, L. C.; Hoban, Á. R.; Rasmussen, B. C.; Wiegand, T. J.;

Collison, C. J.; Wong, C. Y. Effect of Thermal Annealing on Aggregation of a

Squaraine Thin Film. MRS Advances 2022, 7 (12), 239–244.

Walbrun, Z. S.; Hoban, Á. R.; Paulson, A. Y.; Wiegand, T. J.; Collison, C. J.;

Wong, C. Y. Morphology Dependent Excited-State Dynamics of Squaraine Thin

Films During Thermal Annealing. J. Phys. Chem. Lett. 2025, 4456–4462.

Squaraine (SQ) dyes are donor-acceptor-donor (D-A-D) molecules consisting

of an electron accepting squarylium center and two electron donating arms, each

with a nitrogen center. SQ molecules can be economically manufactured and

solution-processed, and the resulting films can exhibit significant absorption of the

solar spectrum. Their absorption spectrum can be chemically tuned by modifying

the molecular structure or by influencing their molecular packing in films. SQ

molecules with linear side chains and four phenyl ring hydroxyl groups typically

form H-aggregates,144,145 whereas Davydov splitting and J-aggregation are more

commonly observed in SQ molecules with bulky side chains144,146,147 or those

with greater hydrogen bonding interactions.144,145 Some SQ molecules, such as

1,3-bis[4-(N,N-diethylamino)-2-hydroxyphenyl]squaraine (DESQ(OH)), have two

different polymorphs, one of which exhibits Davydov splitting while the other

exhibits intermolecular charge transfer (ICT).43,148 In the following sections, I have

investigated 2,4-bis(4-dibutylamino-2,6-dihydroxyphenyl)cyclobutane-1,3-dione

(DBSQ(OH)2) and 2,4-bis(4-dihexylamino-2,6-dihydroxyphenyl)cyclobutane-1,3-

dione (DHSQ(OH)2). Films of these SQs exhibit two peaks in their absorbance
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spectra. The two peaks can arise from Davydov splitting in other SQ molecules,42

but both of these SQ molecules have a triclinic crystal structure with only one

molecule per unit cell, precluding this possibility.43

X-ray diffraction measurements of these SQ molecules predict the formation

of slip-stacked H-aggregates.43 Owing to the Coulombic attraction between

the squarylium center of one SQ monomer and the nitrogen-containing arm of

a neighboring SQ monomer, the optically allowed H-aggregate (HA) state is

destabilized and the CT state is stabilized relative to a non-slip-stacked aggregate.

The destabilized HA and stabilized CT state are near-degeneracy, allowing them

to mix.43 The mixing of the bright H-aggregate state and nominally dark CT state

results in peaks for two optically active states in the linear absorption spectrum.

These spectra have been previously modeled with an intermolecular charge transfer

(ICT) Hamiltonian that accurately describes the double-hump spectrum for SQ

molecules.43

SQ molecules can be co-deposited with an inert polymer, such as

poly(methyl methacrylate) (PMMA), to trap the SQs as monomers dispersed

within the polymer matrix, illustrated in Figure 22. When molecular aggregation

is impeded in films with PMMA, SQ molecules are primarily thought to exist as

monomers, with varying orientation and distance between molecules. Calculations

using a distribution of intermolecular distances and rotationally averaged

intermolecular orientations have found that the intensity of the 0-1 vibronic

absorption peak increases as the concentration of SQ increases.149 This trend is

shown in Figure 22. Thus, the increased intensity of this feature has been ascribed

to the presence of SQ molecules that are randomly oriented but close enough to

each other to be weakly electronically coupled.
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Figure 22. Linear absorbance spectra for DBSQ(OH)2:PMMA films with varying
wt% SQ and corresponding cartoons.

When unimpeded by PMMA, these SQ molecules forms slip-stacked

H-aggregate stacks in thin films.36 As SQ:PMMA thin films are thermally

annealed, the populations of uncoupled and weakly-coupled monomers evolve

into H-aggregates.36,150 As the morphology of SQ films change, the excited-

state dynamics also evolve. Previous transient absorption (TA) measurements

of DBSQ(OH)2:PMMA films before thermal annealing revealed energy transfer

from monomer to weakly-coupled species and from monomer to H-aggregates.149

However, the excited-state dynamics during thermal annealing remain unexplored.

In the following sections, I discuss the measurements of evolving electronic

structure and excited-state dynamics during thermal annealing using in situ linear

absorption and single-shot transient absorption (SSTA) spectroscopy. By analyzing

these data using a sequential decay kinetic model and an ICT Hamiltonian I have

developed a molecular-level picture of the evolving intermolecular interactions

during the aggregation process.
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3.1 DHSQ(OH)2

3.1.1 Experimental Details. A solution of 1.1 mg DHSQ(OH)2

and 9.5 mg PMMA in 1 mL of chloroform was spin-cast onto a glass slide at 1500

RPM. The films were annealed from 90◦C to 140◦C, increasing by 10◦C every 10

minutes, Figure 23a, on an electric hot plate with a slit in the middle, allowing

light transmission for concurrent single-shot transient absorption (SSTA) and

absorbance measurements. The pump (419 nJ) and the probe (10 nJ) were spread

over an overlap region of ∼25 µm × 20 mm. SSTA and absorbance measurements

were collected at 2 minutes and 58 minutes, which we refer to as pre- and post-

annealing, respectively. Each SSTA measurement used a camera image size of 2560

× 180 pixels, and 3750 SSTA measurements were averaged over 60 s.

3.1.2 Linear Absorption. Absorbance spectra measured at 2 min

and 58 min during annealing are shown in Figure 23c along with the pump

spectrum. The height of the shoulder peak observed at 610 nm pre-annealing is

attributed to weak Coulombic interactions between randomly oriented squaraine

molecules. Even before annealing DHSQ(OH)2:PMMA films, there are H-aggregates

present, evidenced by the peak at 560 nm. Thermal annealing results in the

formation of pi-stacked H-aggregates with absorbance at 560 nm and 648 nm.

3.1.3 Single-Shot Transient Absorption. The SSTA spectra

measured pre- and post-annealing are shown in Figure 24. Before annealing,

excitons are primarily photogenerated in monomers owing to their overlap with

the pump spectrum. The pre-annealing spectrum exhibits a rapidly decaying

ground state bleach (GSB) feature at 640 nm, corresponding to recovery of

unexcited monomer. The rapid decay of signal at 640 nm and concomitant growth

of the features at 610 nm and 560 nm suggests the migration of excitons from
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Figure 23. (a) Temperature ramp of stage (black) and top surface of a glass slide
(grey). Triangles indicate when spectroscopic measurements were conducted. (b)
A film (blue) on a heated sample stage with slit that allows pump (black) and
probe (purple) to pass. (c) Pump spectrum (black) overlaid with absorbance of
DHSQ(OH)2:PMMA film at 2 min (blue) and 58 min (red).

initially photoexcited uncoupled monomers to weakly-coupled molecules and

H-aggregates.149 Stronger positive electronic coupling between pi-stacked SQ

molecules with a smaller intermolecular distance results in a blue-shifted absorption

peak and a decreased 0-0:0-1 peak ratio.36,151 In a similar SQ molecule (with butyl

side chains) H-aggregates were found to have a lower energy excited state with

substantial intermolecular CT character, owing to the proximity of the nitrogen

atoms to the squarylium rings of neighboring molecules in the aggregate. This type

of CT state is mixed with the excitonic state, giving it enough oscillator strength

to produce a peak at 648 nm in absorbance spectra, overlapping with the monomer

peak.43 Energy transfer is expected from the initially excited uncoupled monomers

to weakly-coupled monomers and to pi-stacked H-aggregates. Exciton population in

each of these SQ configurations will bleach the optical transitions observed in their

linear absorbance spectra. The growth of these bleach features and the decay of the

main monomer peak at 640 nm as a function of pump-probe delay time is apparent

in the TA spectrum of the pre-annealed film, Figure 24a.
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Figure 24. SSTA measured at (a) 2 min and (b) 58 min. Above, spectral slices at
pump-probe time delays of 0.2-0.5 ps, 14.5-15.5 ps, and 49.5-50.5 ps. On the right,
transients at 560 nm, 610 nm, and 640 nm.

In the post-annealing spectrum, the features ascribed to both the uncoupled

and weakly coupled monomer at 640 nm and 610 nm, respectively, have almost

vanished and a strong GSB signal ascribed to H-aggregates is observed at 560

nm.36 Growth of the H-aggregate and shoulder features is not observed in the

SSTA spectrum of the post-annealed film, Figure 24b. This film is expected to

be comprised of almost entirely pi-stacked H-aggregates, and the laser excitation

is resonant with their lower-energy CT state. Thus, the excitons can be directly

photogenerated in H-aggregates in post-annealed films.

3.1.4 Kinetic Modeling. The observations described above motivate

the kinetic model pictured in Figure 25. Three separate models are used to

describe the different film morphologies during thermal annealing. The first model

represents regions of the film without pi-stacked H-aggregates and the last model

describes regions of the film with only H-aggregates and without monomers. The

second model describes film regions with a population of uncoupled monomers,
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weakly-coupled monomers, and pi-stacked H-aggregates in close enough proximity

for energy transfer.

The model without pi-stacked H-aggregates, Figure 25a, includes the

excitonic state of SQ monomers that are uncoupled and weakly coupled to

other monomers, Su
10 and Sw

10, respectively, and their ground states, Su
00 and Sw

00.

Excitons can recombine from either excited state with rates of ku
1−0 and kw

1−0

for the uncoupled and weakly-coupled monomers, respectively, and energy can

transfer from the uncoupled to the weakly-coupled monomers with a rate of ku−w.

The second model, Figure 25b, duplicates the first model, but also includes

the pi-stacked H-aggregate excited state, Sπ
1 , and ground state, Sπ

0 . The rate

of energy transfer from monomers to pi-stacked H-aggregates is ku−π. Reverse

transitions were not necessary to adequately replicate the trends in the data, so

these transitions were excluded. The third model, Figure 25c, only considers

pi-stacked H-aggregates. The Sπ
1 state, with a similar energy to that of the Su

10

state, has been attributed to an intermolecular CT state within the pi-stacked H-

aggregate43.

The master equations used to describe the models are:

dSu
10

dt

dSu
00

dt

dSw
10

dt

dSu
00

dt


=



−(ku
1−0 + ku−w) 0 0 0

ku
1−0 0 0 0

ku−w 0 −kw
d−0 0

0 0 kw
d−0 0





Su
10

Su
00

Sw
10

Su
00


(3.1)
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

dSu
10

dt

dSu
00

dt

dSw
10

dt

dSu
00

dt

dSπ
1

dt

dSπ
0

dt


=



−(ku
1−0 + ku−w + ku−π) 0 0 0 0 0

ku
1−0 0 0 0 0 0

ku−w 0 −kw
d−0 0 0 0

0 0 kw
d−0 0 0 0

ku−π 0 0 0 −kπ
1−0 0

0 0 0 0 kπ
1−0 0





Su
10

Su
00

Sw
10

Su
00

Sπ
1

Sπ
0


(3.2)

dSπ
1

dt

dSπ
0

dt

 =

−kπ
1−0 0

kπ
1−0 0


Sπ

1

Sπ
0

 (3.3)

Equation 3.1 describes the monomer and weakly-coupled model, Equation

3.2 describes all species, and Equation 3.3 is the pi-stacked model. The one

dimensional matrix on the left-hand side of each equality is the change in the

population of each relevant state during timestep t, while the matrix on the far

right is their current population. To construct the initial populations we assume

that all excitons are initially photogenerated in uncoupled monomers for model

1. In model 2, it is assumed that there is a starting population of excitons in pi-

stacked H-aggregates and uncoupled monomers. Model 3 has the population of

excitons starting as only in pi-stacked H-aggregates.

A weighted sum of the three models is used to simulate the population

dynamics. The weights of the models were assigned based on three-Gaussian fits

of the absorbance spectra. The fraction of pi-stacked molecules was estimated as

the ratio of the height of the 560 nm peak compared to the maximal height of the

feature, occurring at the latest time point where full aggregation was assumed.

The weight of the first model was set as the fraction of molecules that are not

pi-stacked. The fraction of the remaining molecules that were weakly coupled
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Figure 25. The kinetic model for (a) uncoupled and weakly-coupled monomers,
(b) uncoupled, weakly-coupled, and pi-stacked molecules, (c) isolated pi-stacked
molecules. States with lower oscillator strength shown in dashed lines. Cartoons
illustrate the species present. Higher energy excited states that do not participate
in the kinetic model but are bleached in the calculated TA spectra are also
pictured. Model parameters reported in text. The grey dashed arrows indicate
transitions that were excited by the 640 nm pump pulse.

was determined by the height of the shoulder feature at 610 nm compared to its

maximal height. The weight of the second model was set to be the fraction of

weakly coupled molecules, with the weight of the third model being one minus the

other two weights.

All features observed in the TA spectra are assumed to originate from GSB.

All transitions shown in Figure 25 as well as transitions from the respective

ground states to the Su
11, S

w
11, and Sπ

2 states are bleached. The intensity of the

bleach is derived from the populations of each state and the peak ratios, discussed

below. With the first and second model, the first vibronic state for the monomers

is also bleached, which gives rise to the shoulder feature at 610 nm. In the second

and third models, the H-aggregate absorbance feature at 560 nm is also bleached

when there is excited H-aggregate population. Simulated TA spectra are calculated
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by using the populations of each electronic state from the kinetic model to weight

the amplitude of Gaussian line shapes centered at the wavelengths of features in the

linear absorbance spectrum. The population of Su
10 bleaches both the Su

10 ← Su
00

and Sw
10 ← Sw

00 transitions, so this population weights the amplitude of Gaussians

centered at 640 nm and 610 nm. The relative intensity of these two features was

assumed to be 1:0.2, estimated from computations by Zheng et al.149 Similarly, the

population of Sw
10 bleaches both the Su

10 ← Su
00 and Sw

10 ← Sw
00 transitions, so this

population also weights the amplitude of Gaussians centered at 640 nm and 610

nm, this time with a relative intensity of 1:0.65 estimated from Zheng et al149. The

population in Sπ
1 bleaches both the Su

10 ← Su
00 and Sπ

1 ← Sπ
0 transitions, so this

population weights the amplitude of Gaussians centered at 640 nm and 560 nm,

with relative intensities of 0.3:1, estimated from the absorption spectrum of the

post-annealed film. The precise center-wavelengths and broadening parameters were

extracted from three-Gaussian fits of the absorbance spectra.

Figure 26a shows TA spectra averaged from 0.2-0.5 ps, 14.5-15.5 ps, and

49.5-50.5 ps for a DHSQ(OH)2:PMMA film measured at 2 min and 58 min during

thermal annealing. Figure 26b depicts transients simulated using the models

described above at 0.3 ps, 15 ps, and 50 ps. A best-fit of the rates and relative

weights of the three models has not yet been obtained, and the simulated spectra

shown here are merely utilizing user-defined guesses. A time constant of 500 ps was

selected for the transition anticipated to have lower oscillator strength (Sw
10 ← Sw

00)

and shorter time constants (60 ps and 40 ps) were assumed for the Sπ
1 ← Sπ

0

and Su
10 ← Su

00 transitions, respectively. Even without a best-fit, there is general

agreement between the model and the experimental data. Increased signal intensity

at 610 nm in the SSTA spectrum of the film pre-annealing is evidence of energy
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Figure 26. SSTA spectra measured at 2 min (pre-annealing, blue) and 58 min
(post-annealing, red). (b) Simulated spectra at the same pump-probe time delays.
The same parameters were used for shared transitions in multiple models: τu1−0 =
40 ps, τw1−0 = 500 ps, τπ1−0 = 60 ps, τu−w = 5 ps, τu−π = 5 ps. Weights of model 1 :
model 2: model 3 are 0.47:0.29:0.24 at 2 min and 0.00:0.30:0.70 at 58 min.

transfer from the excited uncoupled monomers to the weakly coupled monomers.

Similarly, the 560 nm feature represents GSB of pi-stacked aggregates as a result

of energy transfer from photoexcited monomer to the aggregates. The 5 ps value

selected for τu−w and τu−π in our model is a reasonable rate for FRET between an

organic donor-acceptor pair.152 Post-annealing, the SSTA spectrum displays the

bleach features associated with H-aggregates immediately after photoexcitation,

suggesting that excitons are directly photogenerated in the pi-stacked H-aggregates

in these films. Reasonable agreement between the experimental and simulated

spectra was attained when assuming that the third model, with only pi-stacked H-

aggregates, is dominant for the post-annealed film. However, inclusion of the second

model is required to account for slower initial decay of the H-aggregate feature than

would be expected for pure H-aggregates.
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Further refinement of the model and the identification of best-fit parameters

may yield better agreement for the relative magnitudes of the three primary

spectral features. One major weakness of this model is trying to determine the

absorption spectra for all the species present. The next section describes a kinetic

model that returns the spectra of species present.

3.2 DBSQ(OH)2

3.2.1 Experimental Details. Solutions of DBSQ(OH)2: PMMA in

chloroform were made with concentrations of 1.2: 15.5 mg/mL (8% wt SQ). ∼0.3

mL aliquots were spin cast (Ossila spin coater) onto glass slides at 2000 RPM for

20 s. Prior to spin coating, glass slides were scrubbed with acetone. Films were

placed on a homebuilt electric heating stage with a slit that allows for in situ

optical measurements. Concurrent absorption and single-shot transient absorption

(SSTA) measurements of DBSQ(OH)2:PMMA films were collected at the time

points indicated in the heating ramp shown in Figure 27b. The temperature

ramp begins at a temperature where minimal annealing was shown to occur. The

temperature is ramped by 5-10◦C every 5 minutes and ends at a temperature where

the film was fully annealed. Stage temperature was monitored every minute by

recording the temperature setting of the stage and slide temperature was measured

every minute during the heating ramp using an IR thermometer (FLIR TG54 Spot

Infrared Thermometer) with the emissivity set to 0.95. SSTA images collected were

2560 x 180 pixels, averaged over 30 seconds of measurement time. The wavelength

range for each image was 522 nm to 691 nm. The pump and probe energy used for

these measurements were 283 nJ and 10 nJ, respectively.

3.2.2 Linear Absorption. The absorbance of a DBSQ(OH)2:PMMA

film (8% wt SQ) was measured while the temperature was increased as shown in
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Figure 27. (a) Structure of DBSQ(OH)2 (R=Bu) with the electron accepting
squarylium ring in orange and the nitrogen-containing electron donating arms in
blue. (b) Heating stage temperatures (black) and slide temperatures (grey) are
plotted over annealing time. Scans marked with colored diamonds in (b) at 100◦C
(pink), 125◦C (orange), 135◦C (gold), 140◦C (green), 145◦C (blue), 155◦C (purple)
correspond to linear absorption of an 8% wt SQ film in panel (c). (d) Cartoon of
uncoupled monomer, weakly-coupled monomer, and slip-stacked H-aggregate at
three different temperatures.
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Figure 27b. The absorption spectra (Figure 27c) at the beginning of annealing

primarily show absorption from the monomer at ∼660 nm, with a small shoulder at

∼600 nm. These two peaks correspond to the 0-0 and 0-1 vibronic transitions for

uncoupled monomers.149 As the weight percentage of DBSQ(OH)2 is increased,

the amplitude of the 0-1 feature grows relative to the 0-0 feature, indicating a

larger population of weakly H-coupled monomers.149,150 This trend shows that

coupling and H-aggregation are impeded in as-cast films by the addition of PMMA.

While both uncoupled and weakly-coupled monomers absorb at both ∼660 nm and

∼600 nm, their peak intensity ratios differ. For simplicity, the features at ∼660

nm and ∼600 nm will be ascribed to uncoupled and weakly-coupled monomers,

respectively, for the remainder of the manuscript. As annealing proceeds, a decline

of the uncoupled and weakly-coupled monomer features is observed concurrently

with growth of the double-hump CT-HA spectrum, revealing that uncoupled

and weakly-coupled monomer populations are forming CT-HA species. A clear

isosbestic point is observed at ∼585 nm providing evidence for conversion between

species.

3.2.3 Single-Shot Transient Absorption. Using pump pulses

centered at 665 nm, SSTA was measured concurrently with absorbance, using the

heating scheme described in Figure 27b. Prior to annealing, ground state bleach

(GSB) of the uncoupled and weakly-coupled monomer appears at ∼670 nm and

∼600 nm (Figure 28a). A rise of the signal at ∼600 nm occurring simultaneously

with the decay of the feature at ∼670 nm is observed during the first ∼3 ps of

the excited-state dynamics (Figure 28b) and is attributed to energy transfer

from uncoupled monomers to weakly-coupled monomers149,150. The final scan

collected in the annealing experiment reveals GSB signal from the CT-HA at ∼540
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nm and ∼670 nm, with almost no remaining signal at ∼600 nm (Figure 28c,d).

Previously reported TA spectra of neat DBSQ(OH)2 films, which consist primarily

of H-aggregates, indicate the presence of a weak excited-state absorption (ESA)

transition at ∼620 nm.153 This ESA feature overlaps with GSB in neat films of

DBSQ(OH)2, resulting in minimal observed TA signal. When weakly-coupled

monomers are present, as in our spectra measured prior to annealing, the ESA

feature is completely obscured by the negative GSB signal from these weakly-

coupled monomers. As the population of weakly-coupled monomers decreases

during annealing, the negative GSB signal from monomers diminishes, leaving the

ESA and GSB from the H-aggregates, which balance each other to yield near-zero

TA signal (Figure 28).

The pump, centered at 665 nm, excites H-aggregates at the lower-energy

CT-HA peak (∼670 nm), resulting in a slower decay compared to measurements

before annealing. When aggregates are excited via the lower-energy CT-HA state,

the transition to the higher-energy CT-HA state will also be bleached, resulting in

the TA signal observed at 540 nm. Since the population of monomers and weakly-

coupled species is insignificant (vide infra), energy transfer from monomers to

H-aggregates is not observed, and the GSB recovers without any further energy

transfer.

3.2.4 Kinetic Modeling. The SSTA measurements during thermal

annealing were fit to evolution associated decay spectra (EADS)154 that model

two species with two sequential decays (Equation 3.4), where A1 and A2 each

represent an amplitude spectrum as described below:

∆OD(t, λ) = A1(λ)e
−k1t + A2(λ)

(
k1

k2 − k1
e−k1t +

k1
k1 − k2

e−k2t

)
(3.4)
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Figure 28. SSTA of an 8% wt SQ film taken at 2 min, 100◦C (a) and at 53.5
min, 160◦C (c) during thermal annealing. Transients from (a) are plotted at 540
nm (red), 600 nm (orange), and 670 nm (blue) in (b). Transients from (c) are
plotted at 540 nm (red), 600 nm (orange), and 655 nm (blue) in (d). Data were
logarithmically binned into 100 bins along the time delay axis. Fits to transients
(dashed black) start at 400 fs.
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For this model, the first species is excited by the pump pulse and undergoes

energy transfer with rate k1 to a second species, which decays to the ground state

with rate k2. This model is used for all SSTA data over the course of annealing,

producing A1(λ) and A2(λ) spectra and k1 and k2 rates as a function of annealing

time. The EADS fits began at 400 fs as shorter time delays are likely too early to

be able to discern the intermolecular energy transfer.

The A1 and A2 spectra before annealing correspond to the spectra of the

monomer and weakly-coupled species, respectively. The amplitude spectrum for

the first species (A1) shows much higher signal from uncoupled monomer (∼670

nm) and decays within ∼2 ps (Figure 29a). A2 primarily has signal from weakly-

coupled species and decays within ∼200 ps (Figure 29d). As annealing proceeds,

A1 loses intensity from monomers and gains intensity from the higher energy CT-

HA state (∼540 nm), owing to direct pump excitation. There is a similar trend

with a growth observed in A2 of the higher energy CT-HA that corresponds with a

loss in intensity from weakly-coupled species. Thus, these EADS spectra show that

energy transfer from the monomer to weakly-coupled species dominates until the

population of H-aggregates increases during thermal annealing.

Both A1 and A2 exhibit a double-humped spectrum at the end of annealing,

implying that the pump initially photogenerates excitons in H-aggregates with

the spectrum of A1, and these excitons then decay to a different population of H-

aggregates with spectrum A2. The pump may also excite any remaining monomers

or weakly-coupled species in the sample. The spectral overlap of the lower-energy

CT-HA feature and primary uncoupled monomer feature at ∼670 nm makes it

difficult to ascertain the relative contribution of the two types of species, but the

signal at ∼600 nm can help, since it more distinctly represents weakly-coupled
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Figure 29. A1 (a) and A2 (d) from EADS fits of SSTA data from a low weight
percent SQ film as a function of annealing time. Spectral slices from (a,d) are
plotted at 7 min, 110◦C (blue), 28.5 min, 130◦C (orange), and 52 min, 160◦C (red)
in panels (b,e). Corresponding time constants from A1 (c) and A2 (f) as a function
of annealing time.

81



monomers. As discussed above, if uncoupled or weakly-coupled monomers were

present, the negative GSB signal at ∼600 nm from the monomers would dominate

over the positive ESA feature from H-aggregates at ∼620 nm. When only H-

aggregates are present, the ESA and GSB features nearly cancel to yield minimal

observed signal. The near-zero TA signal at ∼600 nm in A1 and A2 indicates an

absence of either uncoupled or weakly-coupled monomers after thermal annealing.

This result shows the necessity of SSTA and EADS modeling for understanding

phase separation in thin films with more than one component, such as bulk

heterojunctions.

After annealing has finished, DBSQ(OH)2:PMMA films have a population

that primarily consists of slip-stacked H-aggregates, as indicated by the presence

of a double-hump spectrum in both A1 and A2 from the EADS fits (Figure 29).

Since no monomers remain in the system, the changing ratio of the higher energy

to lower energy CT-HA states likely results from changing interplanar spacing

within the H-aggregates. If less PMMA resides between monomers within an H-

aggregate, a decrease in average interplanar spacing would be observed. This would

lead to a stabilization of the dark CT state (i.e. a decrease in the energy of this

stationary state) and a destabilization of the H-aggregate bright state (i.e. an

increase in the energy of this stationary state). Since the oscillator strength of

the mixed CT-H-aggregate (CT-HA) states originates solely from the H-aggregate

bright state, the CT-HA state that is closer in energy to the H-aggregate bright

state has a larger oscillator strength.43 Therefore, as the CT state decreases in

energy and the HA state increases in energy, the higher (lower) energy CT-HA

state has more (less) oscillator strength. Thus, in a linear absorption spectrum,

a larger high:low energy CT-HA peak amplitude ratio corresponds to smaller
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Figure 30. Cartoon of neutral and ionic adiabatic basis states.

interplanar spacing. The CT-HA high:low energy ratio is about ∼0.7 for A1

and ∼1.2 for A2 (Figure 29b,e), confirming that A2 has more tightly packed

monomers within a slip-stacked H-aggregate. This destabilizes the HA state and

stabilizes the CT state compared to A1.

3.2.5 Intermolecular Charge Transfer Hamiltonian. To

quantitatively understand the influence of intermolecular packing on electronic

structure, the absorption spectra and EADS spectra were modeled with an ICT

Hamiltonian based on the essential states model (ESM)155. The ESM has been

previously applied to simulate linear absorption of D-A-D systems including

squaraines37,43,155–157. A diabatic basis for the monomer states is created using

the ESM, which includes the neutral (N) and zwitterionic (Z1, Z2) states (Figure

30). The subscripts 1 and 2 denote the nitrogen-containing SQ arm that hosts

the positive charge in the zwitterion. The ESM has previously been extended36

to include the possible ionic monomer states that can appear in a dimer. Each

arm can host a cation (C1, C2) or the center can host a negative charge (A).

Alternatively, both arms and the center can be charged to form a zwitterion (Z3)

with net +1 charge.

Neutral monomer states or ionic monomer states form the resultant neutral

dimer states. The dimer states are direct products of the monomer states, with the
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overall charge of the dimer state being neutral. Neutral dimer states are composed

of neutral monomer states and ionic dimer states are composed of ionic monomer

states. The full ICT Hamiltonian is a sum of the monomer, charge separated,

Coulombic, and intermolecular charge transfer terms, where the sum is over all

molecules, n:

Ĥ =
∑
n

Ĥmon
n + ĤCS + V̂ + Ĥ inter (3.5)

The overall monomer term is a sum of the electronic, vibrational, and

vibronic terms. The electronic term for the monomer (Equation 3.6) includes the

energy of the neutral zwitterionic states (ηz) and the intramolecular charge transfer

integral (tz):

Ĥmon,el
n = ηz

∑
a=1,2

|Za,n⟩ ⟨Za,n| − tz
∑
a=1,2

(|Nn⟩ ⟨Za,n|+ h.c.) (3.6)

This equation is summing over the arms (a) in the D-A-D molecule. The

intramolecular charge transfer term accounts for the transfer of an electron from

the donor arms to the acceptor center on the D-A-D molecules, and the reverse

process. The vibrational term (Equation 3.7) is defined in terms of the raising

and lowering operators (b†a,n, ba,n) and the vibrational energy ℏωvib, and contributes

for both the neutral and ionic states:

Ĥmon,vib
n = ℏωvib

∑
a

b†a,nba,n (3.7)

The vibronic term for the monomer (Equation 3.8) is defined in terms of

the raising and lowering operators and the Huang-Rhys factor (λ2):

Ĥmon,vibron
n = ℏωvibλ

∑
a

(b†a,n + ba,n + λ) |Za,n⟩ ⟨Za,n| (3.8)

The Huang-Rhys parameter accounts for the nuclear shift for the

zwitterionic states relative to the neutral state. The charge separation term
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(Equation 3.9) includes the energies of the ionic states (ηCT ) and intramolecular

charge transfer:

ĤCS,el = ηCT

∑
n

|An⟩ ⟨An|+ ηz
∑
n

|Z3,n⟩ ⟨Z3,n| − tz
∑
a,n

(|Z3,n⟩ ⟨Ca,n|+ h.c.) (3.9)

The intramolecular charge transfer in Equation 3.9 accounts for the

transfer of an electron from the donor arm that the cation is not on to the

acceptor center, and the reverse process. The vibrational component for the charge

separation term is accounted for with Equation 3.7. The vibronic terms for the

charge separated Hamiltonian are:

ĤCS,vibron = ℏωvibλ
∑
a,n

(b†a,n + ba,n + λ) |Z3,n⟩ ⟨Z3,n|

+ ℏωvibλCT

∑
a,n

(b†a,n + ba,n + λCT )(|Ca,n⟩ ⟨Ca,n|+ |An⟩ ⟨An|)
(3.10)

Within the vibronic term (Equation 3.10), the Huang-Rhys factor (λ2)

accounts for the nuclear shift for the zwitterionic state (|Z3,n⟩) compared to the

neutral state. The charge transfer Huang-Rhys factor (λ2
CT ) is defined for the

cation and anion states and describes the nuclear shift compared to the neutral

state. The monomer and CS Hamiltonian terms are combined and diagonalized to

yield the adiabatic states. The Coulombic and intermolecular charge transfer terms

are treated as a perturbation to the diagonalized Hamiltonian from the monomer

and CS terms.

The Coulombic term (Equation 3.11) accounts for Coulombic attraction

and repulsion between charged sites on the monomers in an aggregate:

V̂ =
1

4πϵϵ0

∑
S

∑
n>m

∑
qn(S),qm(S)

qn(S)qm(S)

|rqn(S)− rqm(S)|
|S⟩ ⟨S| (3.11)

This equation sums over the states (S), over all molecules n and m in

an aggregate, and all charged sites on molecules n and m for a given state (S).
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Charges on sites for molecules n and m are given by qn(S) and qm(S), respectively.

The distance between the sites is |rqn(S) − rqm(S)|, ϵ0 is the vacuum permittivity,

and ϵ = 3 is the dielectric constant. The distance calculations involve the

length of the squaraine arm (l), the slip-stack distance (x), in-plane shift (y), and

interplanar spacing (z) distances between the sites. The intermolecular charge

transfer term (Equation 3.12) couples the neutral and ionic dimer states with

the intermolecular charge transfer integral (tCT ):

Ĥ inter = −tCT

∑
n

(|NnNn+1⟩ ⟨AnC1,n+1|+ |NnNn+1⟩ ⟨C2,nAn+1|+ |AnC1,n+1⟩ ⟨Z2,nZ1,n+1|

+ |C2,nAn+1⟩ ⟨Z2,nZ1,n+1|+ |Z1,nZ1,n+1⟩ ⟨C1,nAn+1|+ |Z2,nZ2,n+1⟩ ⟨AnC2,n+1|

+ |Z3,nAn+1⟩ ⟨Z1,nNn+1|+ |AnZ3,n+1⟩ ⟨NnZ2,n+1|+ h.c.)

(3.12)

The states paired in the above equation describe the movement of an

electron from one monomer to another monomer in a neutral dimer state (overall

charge of zero), to form an ionic dimer state, or the reverse. The parameters

used for the fit were ηz = 0.69 eV, tz = 1.05 eV, ℏωvib = 0.16 eV, ηCT = 1.37

eV, λ2 = 1, λ2
CT = 0.5 eV, l = 6.60 Å, x = 3.47 Å, y = 1.84 Å, and 2 vibrational

quanta. Gaussian broadening of 24 nm and an overall spectral shift of 0.045 eV was

applied. The x and y values between monomers were taken from reports of crystal

structure.43

Both the Coulombic and the intermolecular charge transfer terms are

treated as a perturbation to determine how the original states are impacted.

Coulombic attraction arises from interactions of charged sites of neighboring

monomers, which are highly dependent on intermolecular packing. With the

Coulombic term, the energy of the first CT state stabilizes as the interplanar

spacing (z) between molecules decreases. The CT state becomes degenerate with
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Figure 31. Energy of the HA (black) and CT (grey) states as a function of
interplanar spacing (z), before mixing with the intermolecular charge transfer term.

the HA state at an interplanar spacing value of 5 Å. Further reduction in the

interplanar spacing causes the CT state to shift lower in energy relative to the H-

aggregate state (Figure 31). The intermolecular charge transfer term effectively

couples the neutral and the ionic dimer states through the charge transfer integral

(tCT ). The inclusion of the intermolecular charge transfer term leads to the

formation of a new feature at ∼550 nm.

The linear absorption spectra were fit using the ICT Hamiltonian to

reveal how interplanar spacing changes with annealing. As the molecules form

aggregates in a thin film, the interplanar spacing (z) would be expected to decrease.

Simultaneously, the intermolecular electron transfer integral (tCT ) would be

expected to increase, as electron transfer becomes more probable as monomers

become closer. Both the interplanar spacing and intermolecular charge transfer

integral were extracted by best-fitting to experimental spectra. The measured

linear absorption spectra from the start of H-aggregation to the end of annealing
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Figure 32. Linear absorbance data (a) and fits from the ICT Hamiltonian (b)
shown from 27 min (100◦C) to 53.5 min (160◦C). Slices from (a,b) are plotted at
32 min, 110◦C (blue) and 47 min, 155◦C (green) in (c). Fits are shown as a dashed
black trace compared to the data. (d) Slip-stacked SQ dimer cartoon with listed
Cartesian axis and arm length (l). (e) Interplanar spacing and (f) intermolecular
charge transfer integral as a function of thermal annealing.

were well-fit with the ICT Hamiltonian. Figure 32 illustrates that the interplanar

spacing is initially ∼10 Å when H-aggregates begin to form. As annealing proceeds,

the interplanar spacing decreases until all monomers and weakly-coupled aggregates

have been converted to H-aggregates. In addition to the interplanar spacing

decrease, tCT was found to increase with annealing, indicating more probable

electron transfer.

The EADS spectra in our measured wavelength range are entirely negative

and primarily report on the GSB of excited molecules and aggregates. We compare

the positive amplitudes of A1 and A2 to the absorbance spectra modeled by

the ICT Hamiltonian. The final H-aggregate spectra from EADS were fit using

the same parameters described above for the linear absorbance, except for tCT ,
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A1 A2

tCT (eV) 0.34 0.38
Broadening (eV) 16 18
Spectral shift (eV) 0.026 0.034

Table 1. EADS spectra fit parameters for ICT Hamiltonian.

Figure 33. (a) Linear absorbance, (b) A1, (c) A2 measured at 52 min (160◦C). Fits
of ICT Hamiltonian (grey) to measured spectra (black) provide interplanar spacing
of 4.98 Å, 6.15 Å, and 4.76 Å, respectively.

broadening, and the spectral shift, which are listed in Table 1. Both EADS spectra

were well fit and compared with linear absorption in Figure 33.

Both fits to EADS spectra have smaller broadening and larger tCT compared

to the linear absorption, leading to a distinct vibronic feature at ∼600 nm that

is obscured in the linear absorption fits (Figure 34). The EADS amplitude

spectra for H-aggregates exhibits minimal TA signal at 600 nm owing to the

overlap between GSB and ESA features, as discussed above. However, since the

ICT Hamiltonian only simulates absorbance transitions from the ground state

(i.e. GSB) and not ESA, a positive absorptive feature remains at 600 nm in

the modelled spectra. As predicted, the species represented by A2 has a smaller

interplanar spacing (4.76 Å) compared to A1 (6.15 Å). The linear absorption

spectrum is best fit with an interplanar spacing value (4.98 Å) that is in between

the values for A1 and A2, representing an average value for the interplanar spacing
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Figure 34. Fit from ICT Hamiltonian for linear absorption data at 53.5 min with
the broadening as best fit of 24 nm (grey) and broadening decreased to 12 nm
(black). Peak at 590 nm not observed in linear absorption spectrum due to overlap
of peaks.

for all H-aggregates present in the film. Linear absorption cannot discern between

species present in the film, but by modeling SSTA data with EADS and the ICT

Hamiltonian, the distribution of packing geometries can be determined.

3.2.6 Summary. In summary, the formation of H-aggregates in films

of DBSQ(OH)2:PMMA during thermal annealing was tracked using concurrent

linear absorbance and single-shot transient absorption (SSTA) measurements.

Excited-state dynamics were modeled using a sequential decay model with two

species. Our EADS model revealed that unannealed films contain monomers that

undergo energy transfer to weakly-coupled monomers. As annealing proceeds,

our model shows that the species present begin to transition into slip-stacked H-

aggregates. After annealing, both species in our model contain no monomers, but

instead are composed entirely of slip-stacked H-aggregates, differing only in their

average interplanar spacing.
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Our EADS and ICT Hamiltonian model suggests that energy transfer occurs

from slip-stacked H-aggregates with greater interplanar spacing to slip-stacked H-

aggregates with smaller interplanar spacing. This is likely due to a slightly lower

energy CT-HA state with stronger electronic coupling. These findings provide

insight into the directionality and rate of energy flow within the distribution of

molecular packing structures that form in a solution-cast thin film. The ICT

Hamiltonian also reveals how the intermolecular charge transfer integral changes

with packing providing a predictive tool for assessing charge transfer ability

of other D-A-D or A-D-A molecules. Further exploration of the relationship

between intermolecular charge transfer integral and charge mobility would provide

valuable insight for optimizing OPVs. This model demonstrates strong potential

for predicting both the species present and their excitonic behavior, making it a

powerful tool for understanding aggregation-dependent optoelectronic properties.

By integrating real-time spectroscopy with first-principles modeling, this approach

enables the rational design of organic semiconductors with tunable electronic

properties, exciton dynamics, and charge transport capabilities. These insights

lay the groundwork for engineering materials that optimize both energy and charge

transport, advancing the field of organic electronics and excitonic materials.
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CHAPTER IV

FILM DEPOSITION

4.1 Copper Phthalocyanine

Includes material from:

Walbrun, Z. S.; Paulson, A. Y.; Bodle, W. L.; Frainey, N. F.; Wong, C. Y. Novel

Intermediate Phase During Film Deposition of Copper Phthalocyanine Revealed

with In Situ Spectroscopies. 2025, In progress.

Organic semiconducting materials are a promising candidate for solar

energy due to their lightweight nature, flexibility, and relative stability at high

temperatures.158–160 Organic photovoltaics (OPVs) offer manufacturing benefits

with cheap production cost161 and roll-to-roll processing.162 The active layer of an

OPV is composed of an electron donor and an electron acceptor, which lie between

two electrodes. When a photon is absorbed by the active layer, an electron-hole

pair (exciton) is generated. This exciton can diffuse throughout the active layer,

potentially reaching a donor-acceptor interface. A charge transfer (CT) state

is formed when the hole resides in the donor material proximal to the excited

electron in the acceptor material. The generation of CT states can be optimized

by increasing the interfacial area between the donor and acceptor materials.163

However, to improve photocurrent and reduce exciton trapping, the domains

formed within the donor and acceptor materials must be of considerable size and

crystallinity. Optimizing the morphology of the active layer can lead to higher

power conversion efficiency of OPVs.164,165

Phthalocyanines (Pcs) hold promise as electron donor molecules in OPVs

owing to their strong absorption of the solar spectrum166 and their thermal and

photostability.167 When deposited into a thin film, the morphology of Pcs is
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dependent on its substituents168 and the deposition conditions.169,170 Ghani et

al. used atomic force microscopy (AFM) to show that copper phthalocyanine

(CuPc) molecules aggregate to form pyramidal nanoribbons when deposited into

a thin film.171,172 Deposition of an electron acceptor on top of this pyramidal CuPc

structure may increase the donor-acceptor interfacial area while minimizing islands

of molecules where charges could be trapped, ideal for increased charge transfer in

OPVs. Ghani et al. found that thin films cast from low concentration solutions

form a monolayer of CuPc nanoribbons lying on the substrate171 comprised of

slip-stacked molecules.169,173 The parallel transition dipole moments in adjacent

slip-stacked molecules within a column results in positive electronic coupling and

so-called H-aggregation. When cast from solutions with increased concentration,

the resulting thin films comprise wider and taller nanoribbons, with the nucleation

of new columns of molecules first occurring on the sides of the original nanoribbons,

then also occurring on top of the first monolayer (Figure 1b). These thicker

nanoribbons are found to have a herringbone packing structure, with the slip-

stacking angle alternating from one column of H-aggregated molecules to the next.

These non-parallel transition dipole moments between molecules causes

Davydov splitting that is observed as two peaks in linear absorbance spectra

where the blue- (red-) shifted peak is H- (J-) like in character.115 The Davydov

splitting energy and the oscillator strength of the resulting H-like and J-like states

is dependent on the orientation and distance between monomers in an aggregate.174

If the blue-shifted (red-shifted) feature has greater oscillator strength, the

aggregate has greater H-like (J-like) character.42 Tight packing of the herringbone

aggregates leads to the formation of a nearly isoenergetic CT state that can couple

with the two Davydov states to yield four mixed Davydov-CT states.175 For
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phthalocyanines, the π − π∗ transitions to these four states are referred to as the

Q-band.176

The electronic structure177–179 and excited state dynamics180,181 of CuPc

in the solution and film phases have been characterized. Here, we use single-shot

transient absorption (SSTA) and in situ linear absorbance to provide insight into

the evolution of the electronic properties during film deposition, revealing a novel

intermediate stage that has not previously been reported. Inspired by our new

understanding of the mechanism of molecular aggregation, we demonstrate how

the molecular ordering along the length and width of the nanoribbons can be tuned

and how this affects exciton diffusion. The strategy presented here may lead to the

development of crystallization strategies that can improve crystallinity and OPV

efficiency in other molecules.

4.1.1 Experimental Details. CuPc (Eastman) and trifluoroacetic

acid (TFA, 99% purity, Alfa Aesar) were used without further purification.

Solutions of 0.5 mg/mL CuPc in TFA were prepared by heating at 60°C and

stirring at 800 RPM for 8 hours. Supersaturated CuPc solutions were made

by blowing nitrogen onto the CuPc solution, while heating at 60°C, until the

peak in its linear absorbance spectrum blue shifted to 608 nm (Figure 39a),

this left approximately 10% of the TFA and resulted in an ∼5.8 mg/mL CuPc

concentration. Glass substrates (75 mm × 25 mm × 1 mm) were cleaned

with methanol and held at 40°C and 60°C prior to dropcasting regular and

supersaturated CuPc solutions, respectively. These temperatures were used in

both cases to have the film deposition take ∼3 minutes. In situ SSTA and linear

absorbance were measured during the formation of films from 0.5 mg/mL solutions,
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on a homebuilt electric heating stage with a slit in the center allowing light to pass

through.

A description of the SSTA setup can be found in Chapter 2.1. Pump

and probe pulse energies at the sample were 1.83 µJ and 10 nJ, respectively.

Traditional TA measurements were collected for the regular films and films cast

from supersaturated solutions using a scanning translation stage (Newport), with

time resolution of ∼80 fs, and time delay range of ∼60 ps. Film surfaces were

measured with a Bruker Dimension FastScan AFM using Bruker TESPA-V2 non-

rotated tapping mode probes, with a scan size of 5.0 µm, scan rate of 1.01 Hz, and

496 samples per line.

4.1.2 Results. The linear absorbance spectra measured in situ during

film deposition at 40°C (Figure 35b) indicate that the film formation process can

be divided into three stages: solution (R1), intermediate (R2), and film (R3). R1

persists for the first ∼70 seconds of the deposition and is characterized by four

peaks in the Q-band which arise from protonation of the nitrogen atoms on the

Pc macrocycle.178,182 R2 lasts for 20 seconds and only shows one peak at 608 nm.

The spectrum during R3 is typical for Pc films and persists indefinitely, and thus

is assigned to the final thin film. There are two main features at 623 nm and 702

nm ascribed to Davydov splitting,175,181 with two shoulders at 576 nm and 760 nm

arising owing to Frenkel-CT mixing.175

The single feature observed during R2 has yet to be reported in the

literature for CuPc, to the best of our knowledge. We assign this feature to the

initial formation of H-aggregates, as the absorption peak is blue-shifted relative to

the monomer spectrum. A single absorbance feature at was previously observed

for a derivative of ZnPc in a high hydrogen bonding solvent,183 a substituted AlPc
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Figure 35. (a) Cartoon depiction of CuPc (blue rectangles) nanoribbon growth.
Arrows represent face-on growth with different interactions with the edges of the
CuPc molecules. Purple – glass interaction, orange – glass and side-side interaction,
red – side-side interaction. (b) In situ linear absorption during the solution (pink),
intermediate (orange), and film (green) stages. Chemical structure of CuPc inset.

in a phosphate buffer system,184 and in substituted metal-free phthalocyanines

in a mixed DMSO:H2O system.168 In each case, this single blue-shifted peak

was ascribed to H-aggregates. This assignment is plausible in our system, as

the nitrogen atoms of CuPc are protonated by the TFA solvent,178,182 enabling

hydrogen bonding and face-to-face aggregation in solution between Pcs.

SSTA (Figure 36) was also measured in situ, simultaneously with linear

absorbance, during a ∼3 minute deposition. Throughout the film formation

process, a blue-shift of the excited state absorption (ESA) signal at ∼550 nm is

observed within the first 500 fs. This rapid blue-shift is consistent with intersystem

crossing (ISC) in CuPc,180 mediated by metal-to-ligand charge transfer.185

Thus, all of the TA signal discussed below, after 500 fs, arises from triplets.186

No fluorescence is observed at any stage during film formation, supporting this

assignment. The strong negative TA signal at 608 nm measured during R2 must

arise from ground state bleach (GSB) when the triplet state is populated. The ratio

of GSB:ESA intensity was determined using the intensities at the peak maxima
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Figure 36. SSTA spectra from (a) 30 s, (b) 70 s, (c) 110 s during deposition binned
over six pixels on the time delay axis. Spectral slices from (a), (b), and (c) shown
in (d), (e), and (f), respectively.

for the 20-35 ps spectral slice. The relatively high intensity of GSB compared to

ESA in R2 (2.1) compared to R3 (1.2) cannot be explained by the slightly larger

optical density at 608 nm, the pump wavelength, during R2. Calculations using

the pump spectrum and optical density (Appendix A) predict that the signal

magnitude would only be 10.4% percent higher during R2 compared to R3 if the

optical density were the only factor, but a difference of 144% is observed. Thus the

origin of this strong GSB must be from triplets in CuPc H-aggregates.

Mass measured in situ simultaneously with linear absorbance revealed that

solvent evaporation is significantly slower during R2 compared to R1 (Figure 37),

which begins when ∼70% of solvent has evaporated. This suggests that solvation

shells remain around the H-aggregate CuPc nanoribbons during R2, preventing

the seeding of adjacent columns of H-aggregates, which would have been observed
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Figure 37. (a) In situ mass measurements during film deposition. A larger
substrate and volume of solution was used, leading to a longer deposition time.
Linear absorption spectra were taken concurrently to identify the stage as solution
(orange), intermediate (purple), or film (blue). (b) Linear absorption spectra at
times given by markers in (a) and for the film stage (blue).

as Davydov splitting in the absorbance spectra. When ∼95% of the solvent has

evaporated, or a concentration of ∼9.5 mg/mL, Davydov splitting is observed in

the absorbance spectra (Figure 37b).

In an effort to trap the intermediate and determine its morphology,

supersaturated solutions of CuPc were prepared. The stark differences in film

morphologies between regular films and films cast from supersaturated solutions

are revealed by AFM images. A CuPc thin film deposited from a 0.5 mg/mL

solution showed crinkly nanoribbons (Figure 38a), while a film deposited from a

supersaturated CuPc solution had straighter nanoribbons that appear more ordered

(Figure 38b).

Supersaturated solutions (C1) have a linear absorbance spectrum identical

to R2, with a lack of Davydov splitting showing that the nanoribbons exist as

single solvated strands. When the supersaturated solution is cast into a thin film

(C2), the H-like peak in its absorbance spectrum appeared at the same wavelength

as the single peak in C1 (Figure 39a). Comparing the spectra for C2 and R3, the
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Figure 38. AFM images of CuPc films cast from (a) 0.5 mg/mL and (b)
supersaturated solutions.

Figure 39. Linear absorbance spectra of (a) supersaturated solution (black)
overlayed with the thin film cast from supersaturated solutions (blue) and (b) the
regular thin film (red) and the thin film cast from supersaturated solutions (blue).
(c) Relationship between the peak wavelength of the higher energy peak and the
concentration of the CuPc solution prior to casting. Brickstone packing structure
inset.
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spectrum for C2 is blue-shifted and the higher energy feature has greater intensity

(Figure 39b). This overall blue-shift and the increase in the lower energy peak

intensity was previously observed for CuPc films containing a combination of

herringbone and brickstone aggregates.187 Brickstone aggregates have a smaller

slip angle compared to herringbone aggregates and the slip-stacking angle does not

alternate from one column of H-aggregated molecules to the next (Figure 39c),

yielding the straighter nanoribbons observed in Figure 38b.

We hypothesize that H-aggregation occurs by a mechanism similar to

the burst nucleation theories commonly used to explain nanocrystal growth:

H-aggregate formation will occur when CuPc concentration exceeds the

supersaturation threshold and reaches an even higher nucleation threshold. The

initial formation of aggregates will lower the concentration below the nucleation

threshold, But as the solution will still be supersaturated, molecules will continue

to add to the existing H-aggregates through diffusion limited growth until the

concentration of CuPc monomers in solution reaches the saturation threshold.

In supersaturated solutions with less solvent, fewer monomers will be left in the

solution when it reaches the saturation threshold. These concentrations appear

to be below the nucleation threshold for seeding an adjacent column of molecules

in a herringbone structure, as evidenced by the lack of Davydov splitting in the

absorbance spectra. It is likely that this nucleation threshold is much higher

when the H-aggregate is solvated as opposed to lying on a substrate. Instead, the

solvated H-aggregate strands can further aggregate to form thicker nanoribbons

until the solution is dropcast and solvent rapidly leaves the system. Meanwhile,

there are fewer CuPc monomers in the solution that can become kinetically trapped

in a disordered orientation. In comparison, when dropcasting a solution with a
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lower concentration, the saturation threshold-limited H-aggregation stage leaves

more CuPc monomers in solution and may not have time to complete before the

rapid loss of solvent during casting causes the nucleation of adjacent columns of

molecules in a herringbone configuration. There are many more CuPc monomers

that can cause this seeding, or that can become kinetically trapped. Notably,

when films are cast from supersaturated solutions of H-aggregates, without many

monomers remaining to seed a herringbone structure, individual H-aggregate

columns may be equally likely to further aggregate into a brickstone pattern as

into a herringbone pattern. Brickstone and herringbone structure may co-exist

within individual nanoribbons when there are less monomers available for side-on

nucleation. The deposition of supersaturated solution into a film is able to separate

the aggregation steps that elongate and widen the nanoribbons. Thus, the amount

of solvent (and thus CuPc monomer) remaining in the solution prior to casting

tunes the lengthwise and widthwise molecular order.

The TA spectra for supersaturated films (Figure 40) were globally fit to

one exponential and a long-lived offset (Equation 4.1), assuming that the model

only involves triplet excitons.

∆OD(t, λ) = A(λ)e−t/τ +B(λ) (4.1)

As intersystem crossing occurs in <500 fs for CuPc and the triplet quantum

yield is near 100%,180 this is a reasonable assumption. The global fits reveal a

time constant for regular CuPc films of 17.9±0.3 ps (Figure 41) that are similar

to reports from Del Pino Rosendo et al.181 Previous reports have attributed

this time constant to exciton-exciton annihilation.181,188 For the films cast from

supersaturated solutions, the shorter time constant is 11.7±0.3 ps, compared to

17.9±0.3 ps for regular films. Since films cast from supersaturated solutions have

101



Figure 40. TA spectra of (a) normal CuPc films and (b) supersaturated CuPc films.
(c) and (d) show spectral slices from (a) and (b), respectively.

Figure 41. Global fit amplitudes for films cast from a (a) 0.5 mg/mL and (b)
supersaturated solution.
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greater crystallinity lengthwise along the nanoribbons, excitons are able to diffuse

faster and further along the nanoribbons, leading to more rapid exciton-exciton

annihilation.

4.1.3 Summary. In situ linear absorption measurements revealed a

novel intermediate stage during CuPc film deposition with solvated H-aggregates.

SSTA spectra from the intermediate stage exhibited a much larger GSB signal at

608 nm compared to thin films with thicker nanoribbons and Davydov splitting.

Supersaturated solutions of CuPc in TFA were found to have similar absorption

spectra to the intermediate stage during regular film depositions. The mechanism

of CuPc aggregation using a solution of supersaturated CuPc can be separated

out into H-aggregation, which happens during the solution preparation, and J-

aggregation, which happens as the final solvent is evaporating. By separating

the stages of aggregation, the film morphology can be carefully controlled and

optimized for OPVs.

TA measurements revealed that exciton-exciton annihilation is faster in films

cast from supersaturated solutions owing to more rapid exciton diffusion. AFM

images showed that the CuPc nanoribbons appear to be straighter in films cast

from supersaturated solutions. Since films cast from supersaturated solutions form

H-aggregates before the film deposition occurs, the nanoribbons have more H-like

character. This study shows the basis for how in situ spectroscopies can be used to

explore new aggregate structures and control exciton dynamics for use in OPVs.
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CHAPTER V

PHYSICAL CHEMISTRY LABORATORY STUDY

Includes material from:

Walbrun, Z. S.; Nawab, L.; Wong, C. Y. Pre-Lab Simulation of Microscope

Building in Upper Division Laboratory Improves Student Confidence. 2025, In

progress.

While most faculty agree that undergraduate laboratories play an important

role in scientific education189–191, evidence suggests that labs often do not provide

the intended educational benefits192–195, and student reaction to labs tends to

be negative.195–197 The purpose and methodology of this aspect of a scientific

education should be rigorously questioned, particularly as the cost of running

teaching labs is very high in terms of space, materials, and personnel.191,197

This cost can be prohibitive, particularly for smaller institutions like community

colleges and high schools, so this pedagogical issue is of particular relevance in an

environment of constrained funding for secondary and post-secondary education.198

Pre-laboratory activities have been identified as being critical to improving

student learning outcomes.199,200 Common pre-laboratory activities include lectures,

online videos, quizzes, discussions, and computer simulations. Reports by Isom

et al. and Davidowitz et al. showed that having a pre-laboratory discussion

improved student understanding of laboratory concepts and improved scores on lab

reports.201,202 Pogacnik et al. reported using a combination of lecture and a pre-

laboratory exam before the in-person laboratory and found that final exam grades

increased. However, more time was dedicated by teaching assistants in lecturing

and grading, while only lower level Bloom’s taxonomy were assessed on the pre-

lab examination.203 Typically when assessing student learning objectives, they are
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categorized using Bloom’s taxonomy, which categorizes assessments based on the

desired outcome.204 Lower level outcomes would be asking students to remember,

understand, or apply, whereas higher level outcomes are analyze, create, and

evaluate. Lower level Bloom’s taxonomy questions are also more easily answered

using generative artificial intelligence (GenAI)205, suggesting that the pre-lab focus

should be moved toward higher level questions to promote student learning and

engagement. This can easily be done with a shift toward modeling and more open-

ended tasks for pre-lab activities.

Less research has been reported on the impact of pre-lab activities on

students’ affective experience. Affective experiences for undergraduates have

been linked to sense of belonging and retention206,207 and laboratory classes often

have a negative response from students.195–197 Barrie et al. found that student

attitude in the laboratory is improved by clear assessment, motivation, and

resources, such as pre-laboratory information.208 The use of instructional videos

before in-lab experiments were generally found to improve student attitudes and

experience209–211, but had no effect on grades.210,212 In-lab experiments paired

with interactive computer simulations have been shown to improve student

understanding of laboratory concepts.213–215 Students have responded positively

to implementation of computer simulations214,216 and report a preference for

completing virtual work prior to in-lab experiments.217 These findings indicate

the value in using computer simulations as a pre-laboratory activity. All these

reported studies have been with either high school or lower-division undergraduate

laboratories. Upper-division laboratory courses, which generally cover more

complex topics and have lower student enrollments, have not been studied

extensively.
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In this study, we aimed to measure the impact of computer simulations

as a pre-laboratory activity for an upper-division chemistry laboratory. To our

knowledge, this is the first report involving simulations of instrument assembly

and operation for an upper-division chemistry laboratory. For this study we asked

two primary questions: (1) How does engagement with a computer simulation of in-

laboratory activities impact the expectations and experiences of students during

the in-lab activity? (2) Does engagement with a computer simulation prior to

performing in-laboratory activities improve student competence in the laboratory

and understanding of the scientific concepts presented in the lab? Addressing these

questions can also aid in designing pre-laboratory simulations that support higher

level student learning without student use of GenAI.

5.1 Experimental

This research study was conducted in the second term of physical chemistry

laboratory at a large public university in the Pacific Northwest over the course

of three years. Year 1 (N=14) consisted of the control group that were not

given access to the computer simulation. Students in year 2 (N=19) and year

3 (N=27) interacted with the computer simulation 1-2 weeks before the in-lab

activities. Students in all years were given a 50-minute lecture on brightfield

microscopy during the first week of the term. In addition to the lecture, students

in the first year that did not have the simulation had a two-hour tutorial with a

worksheet (Appendix B.1). In the second and third years, this two-hour tutorial

was replaced with the simulation. The in-lab activities involved constructing a

brightfield microscope using a procedure detailed in the lab manual (Appendix

B.2). The building of the instrument was divided into seven sections. After

completing the tasks in each section, students were asked to record their completion
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Figure 42. (a) Microscope from in-lab activity. (b) Image from microscopy
simulation showing rays of light (red lines) after passing through lenses (blue).
Sample plane shown as a blue line.

time and answer a few conceptual questions on the worksheet. Sections c, d, e, and

g, involved tasks that were included in the computer simulation. Those sections

focused on constructing a 4f imaging system, collecting light from the lamp, setting

up Köhler illumination, and wavelength dependence of focal point and resolution,

respectively. In addition to the total time taken to complete the worksheet, the

completion times for these specific sections were analyzed. The total time taken to

complete the laboratory refers to the hands-on activities and worksheet for sections

c-i.

During the simulation, students completed activities that included creating

and mounting optics to the simulated rail, and properly aligned optics by moving

them on the simulated rail in each of the steps. Students compared different

focal lengths of lenses, compared the effect of lenses on different wavelengths of

light, built a 4f imaging system, switched between visualizations of the light rays
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emerging from a collimated source and a point source, and built the microscope

that they would later construct in the lab (Figure 42). Students who completed

the computer simulation were given a worksheet with instructions and questions

about the simulation (Appendix B.3). The procedure, in-lab worksheet, and

teaching assistant (TA) for the laboratory were not changed over the course of the

three years of the research study. The same TA was responsible for grading the

in-lab worksheet for all three years.

Students were given surveys that implemented the Meaningful Learning

in the Laboratory Instrument (MLLI)208 before and after in the in-lab activities

(Appendix B.4) that contained 31 questions that were categorized as cognitive,

affective, or cognitive/affective. Seven additional questions were given after the

in-lab activities for students who completed the simulation. Students completed

the survey at the beginning and end of the laboratory session and were asked to

rate each statement on a scale of 1-10 (1 = disagree, 10 = agree). IRB approval

(STUDY00000265) was obtained from the office of Research Compliance Services at

the university.

5.2 Results

The in-lab worksheet grade and overall time spent were analyzed from the

groups with and without the simulation before the in-lab activities. No significant

difference was found in the average or distribution of worksheet grades (Figure

43a). For the overall time spent, a slight decrease in the distribution of overall time

spent was observed for the group with the simulation, but not significant (Figure

43b).

Although the overall time spent on the laboratory was nearly the same for

the groups with no simulation versus with simulation, the start and end times
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Figure 43. (a) Worksheet grade and (b) total time on in-lab activities for no
simulation and simulation groups. Mean and median indicated with circle and
x, respectively. Error bars represent one standard deviation from the mean.

of each section of the in-lab activity were analyzed. The only sections of the in-

lab activity that have significantly different completion times between groups

were sections c and e (Figure 44). Section c involved constructing a 4f imaging

system. As this is the first time that the students are working with the optics

and camera software, it is more difficult to attribute any changes to the computer

simulation. Both groups of students did not have any hands-on experience with

optics, however the group without the simulation saw the optics and talked about

the theory before performing the in-lab activity. In part e, students have been

working with the optics for ∼45 minutes at this point. Section e involved setting

up Köhler illumination, which is the main focus of the computer simulation. For

the group that had the computer simulation, the average time to complete the

section decreased and the standard deviation significantly decreased. The computer

simulation may have helped students who had minimal previous experience with
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Figure 44. Time spent on sections c (4f imaging system), d (collecting light from
the lamp), e (setting up Köhler illumination), and g (wavelength dependence
of focal point and resolution) for no simulation versus simulation. Mean and
median indicated with circle and x, respectively. Error bars represent one standard
deviation from the mean.

optics understand how light interacts with these optics, making this section of the

laboratory easier to complete.

Survey results from both groups before and after the in-lab activities were

analyzed with the question categories as cognitive, affective, or both. Cognitive

questions are related to how students think about their laboratory experiences and

affective questions are how students feel about their laboratory experiences.208

Comparisons were made using the survey results after the in-lab activities,

comparing the groups with and without the simulation. Ratings from questions 2,

9, and 18 from the post-lab MLLI survey for the two groups are shown in Figure

45. Overall, students from the simulation group appear to be less worried about

finishing on time, less nervous to make mistakes, and less nervous when handling

equipment.

Ratings from the additional questions A-G (Table 1) from the simulation

group are shown in Figure 46. Most student ratings were quite positive for all

questions given. Question C corresponds to the simulation building confidence
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Figure 45. Box and whisker plots for (a) MLLI Q2 (to worry about finishing on
time), (b) MLLI Q9 (to be nervous about making mistakes), and (c) MLLI Q18
(to get nervous when handling equipment) after the in-lab activity for the no
simulation versus simulation group. Ratings are given as 1 = disagree and 10 =
agree.

Letter Question

A
The simulation helped me understand the concepts in this
laboratory.

B
This simulation helped me feel more comfortable working with
optics.

C This simulation increased my confidence for the in-lab activity.

D
This simulation helped me visualize what is occurring while
building a microscope.

E
This simulation made me more excited about performing the in-
lab activity.

F The simulation made the in-lab activity go more smoothly.
G The simulation was a good use of my time.

Table 2. Additional questions given to simulation group after in-lab activity.
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Figure 46. Box and whisker plots of additional survey questions A-G given after
the in-lab activity for the simulation group. Outliers lie 1.5 times the interquartile
range away from the edges of the box and are represented by circles.

in the laboratory, to which students mostly agreed. This agrees with the results

presented in Figure 45, related to students worrying less about the laboratory

activity. Question D had the smallest and highest distribution of ratings, which was

related to visualization of what is occurring when the microscope is being built. As

the simulation shows students what is happening to rays of light when lenses are

added, this is quite beneficial for the in-lab activity, where they cannot see the rays

of light.

5.3 Summary

This three-year research study in an upper division physical chemistry

laboratory used a computer simulation that involved constructing a brightfield

microscope. Compared to the control group with no simulation, the group that had

the simulation did not see improved worksheet grades or faster overall completion

time of laboratory activities. However, students who were in the simulation group

reported feeling less nervous about building the microscope in-lab and were also

less worried about finishing on time. The simulation group also had a smaller
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distribution of completion times for the most significant section of the laboratory

related to the simulation and students self-reported that the simulation helped

them visualize what is happening when building a microscope. This study provides

the basis for how a computer simulation involving instrument building impacts

student learning and feeling in an upper-division laboratory course.
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APPENDIX A

PUMP POWER CALCULATION

To verify that the high GSB signal was not due to the pump, the expected

absorbed power was calculated at each phase of the deposition process. If the

absorbed power was drastically different for the intermediate phase when compared

to the other two phases, the high TA signal could be explained by the absorption

spectrum and pump alone.

By integrating under the input pump spectrum and equating that to the

overall pump power (1.83 µJ), the pump power as a function of wavelength was

determined. Using the pump power as a function of wavelength, we were able

to see how much of the pump power was absorbed at specific wavelengths. The

transmitted power was subtracted from the input power at a specific wavelength to

determine the power absorbed:

PA = Pi − PT (A.1)

Where PA is the power absorbed at a specific wavelength, Pi is the input pump

power at a specific wavelength, and PT is the transmitted power at a specific

wavelength. The transmitted and input pump power are also related to the

absorbance (A):

PT =
Pi

10A
(A.2)

Substituting the transmitted power into Equation A.1:

PA = Pi −
Pi

10A
(A.3)

The absorbance at each wavelength from the linear absorption spectrum for each

phase of the CuPc deposition process was used to determine how much power was

absorbed at each wavelength. By integrating under the curve, the total power
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absorbed for each stage was determined to be 0.245 µJ, 0.262 µJ, and 0.236 µJ

for R1, R2, and R3, respectively. The difference in SSTA signal between the

intermediate and film stage that was predicted by the pump power code was

10.4%, whereas the difference in the SSTA signal was actually 144%. Therefore,

the unusually high TA signal cannot be explained by the optical density and the

pump.
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APPENDIX B

SUPPLEMENTAL INFORMATION FOR MICROSCOPY STUDY

B.1 Year 1 Tutorial Worksheet

1. Label the following optics (camera, tube lens, lens tube, achromatic objective,

non-achromatic objective, collector lens, condenser lens, collar, post, iris,

lamp, color filter):
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2. Circle which part of c) and d) is the lens. Box which part of c) and d) is the

iris.

3. What does it mean for the camera to be infinity focused?

4. Why do we want to use an achromatic lens?

5. Why do we want to use color filters?

6. What is Köhler illumination? Why is it important?

7. Draw the part of the setup that is a “4f” microscope. Label each optic.

8. What is the equation for magnification? What is the magnification for the

system in this lab? How would you increase it?

9. Collect spectra of the lamp and with the absorptive filters using OceanView.

Save the files and send them to yourself.
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B.2 In-Lab Procedure

Today you will identify all your parts, set their heights, roughly assemble the

microscope, and then carefully align it for the best possible image.

(a) Camera and tube lens assembly

1. Your TA will show you the sensor of a camera and attach a lens tube (a

hollow black tube that acts as a spacer) and a tube lens (a lens at the end

of the lens tube). The length of the tube has been chosen so the tube lens is

one focal length (150 mm) away from the camera’s sensor.

2. Identify the identical assembly at your microscopy station. Label the sample

camera and tube lens.

(b) Identify all the parts

Use gloves whenever handling optics. Use the photos below to identify the following

items. They may be in your optics rack, optics box, parts box, or already on the

table.

1. Main rail and side rail

2. Rail carriers

3. Collars

4. Posts

5. Irises (lever and ring controlled)

6. Lamp

7. Empty lens mount
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Figure B.1. Rail that ensures horizontal alignment of your optics, with lamp and
sample holder.

Figure B.2. Optical elements you will use in this lab.

8. Plano-convex lens (f=75 mm)

9. Plano-convex lens (f=25 mm)

10. Achromatic lens (f=25 mm) and iris

11. Plano-convex lens (f=50 mm) and iris

12. Sample mount on translation stage

13. Sample camera with lens (f=150 mm)

14. Filters (red, orange, green, and blue absorptive, green interference)

(c) Construct a basic 4f imaging system
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Figure B.3. Optical elements that include lenses that you will use in this lab.

Figure B.4. Parts needed to install an optic on the rail.
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Wear gloves while handling optics. Some of the posts will have a collar pre-installed

on them. This sets the height of the optic when it is installed on the rail. Please do

not move the collars. Label rail carriers with the name of each optic you install.

1. On your worksheet, note who is using the computer, who is working on the

microscope, and your start time.

2. A test target is in your sample holder and a lamp is already installed ∼15

cm from the end of the rail. Plug in the lamp and make sure the lamp shines

down the rail towards your sample.

3. Use two separate rail carriers to install the sample camera on the opposite

end of the rail from the lamp. The ‘Thorlabs’ label on the camera should

point up.

4. Install the f=25 mm plano-convex lens between the sample stage and the

sample camera. It should be one focal length away from the sample stage.

This is the objective lens - label it! It collects light after it has passed

through the sample.

5. Move the camera on the rail so that the distance between the tube lens and

objective lens is the sum of their two focal lengths. You have created a 4f

imaging system. Make sure you can identify the four focal lengths in your

imaging system.

6. Plug in the camera. Open the Thorcam software.

7. Start the camera by pressing the video button. Click the settings button

to adjust the settings. Adjust exposure time such that the image is not
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overexposed, but clearly visible. Wave your hand in front of the camera to

make sure it is actually responding.

8. Move the objective lens on the rail until the image is close to being in focus.

9. Use the silver micrometer on the sample stage to fine tune the focusing.

10. Use the two black knobs on the sample stage to move the target so you are

imaging the smallest lines you can resolve.

11. The scrolling wheel on your mouse can zoom in and out of the image. Zoom

in on element 1 in group 4. Use the ruler tool (show icon) in Thorcam to

measure the horizontal width of a horizontal line in this element. Each pixel

of this camera is 5.2 µm wide.

12. Save your image and fill in your worksheet.

(d) Collect light from the lamp

Since we are not currently focusing the light from the lamp, most of its light does

not hit the sample, so the camera’s exposure time needs to be high. To fix this, we

use a lens to collect the light after the lamp and direct it towards the sample. It

will be easier to do this if we first install an absorptive, colored filter.

1. On your worksheet, note who is using the computer, who is working on the

microscope, and your start time.

2. Install either the red or blue colored filter between the lamp and your sample.

3. Adjust your exposure time to get an optimal image. Note this on your

worksheet.
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4. The 125 mm lens is your collector lens. It collects light from the bulb and

sends it towards the sample. Install the 125 mm lens somewhere between the

lamp and your sample so it can collect a lot of light, and label it.

5. Gently press a piece of paper up against the sample so you can see the spot

of light hitting it. Slide the collector lens along the rail until you can see the

filament imaged onto your paper.

6. Optimize your exposure time. If your image is still over-exposed, even at

the lowest possible exposure time, talk to your TA about installing a neutral

density filter. This filter blocks all wavelengths of light equally.

7. While watching the image from the sample camera, optimize the position of

the collector lens by moving it slightly along the rail until the filaments are in

focus in your image.

8. Save your image and fill in your worksheet.

(e) Set up Köhler illumination

After Part d, both the sample and lamp filament (bulb) are imaged on the camera.

We do not want the lamp filament to be imaged on the camera, so we will make

sure the filament is perfectly out of focus at the sample by adding a condenser lens

before the sample and focusing the filament one focal length before that condenser

lens.

1. On your worksheet, note who is using the computer, who is working on the

microscope, and your start time.
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2. Install the 50 mm lens between the sample and collector lens, so that the lens

is one focal lens away from the sample. This is the condenser lens - label it!

It condenses (focuses) light onto the sample.

3. If we image the filament one focal length before the condenser lens, the

filament will be perfectly out of focus one focal length after the condenser

lens, at the sample. Before you installed the condenser lens, the filament was

focused at the sample. How should you move the lamp and the collector lens

so the filament is imaged one focal length before the condenser lens? Hold

a piece of paper one focal length before the condenser lens and move the

collector and lamp to test your theory. When you are successful, you should

be able to see the coils of the filament on the paper.

4. Remove the piece of paper and optimize your exposure time.

5. Save your image and fill in your worksheet.

(f) Field stop prevents excess light from hitting sample

Light from the lamp may scatter off parts of the sample that aren’t being imaged,

and this might cause extra light to hit the detector and decrease your contrast.

Extra light can also damage the living or fluorescent samples. A “field stop” is an

iris found in most microscopes to block extra light from hitting the sample.

1. On your worksheet, note who is using the computer, who is working on the

microscope, and your start time.

2. Place an iris ∼2 cm past your collector lens. This is your field stop - label it.

This optic does not have a collar on it, as you will be adjusting its height.
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3. Close the iris until you see the edges of the iris in your image, or your image

starts to get dimmer.

4. Slide your condenser lens on the rail until the edges of your field stop are in

focus.

5. Adjust the height of your field stop so it is vertically centered in your image.

6. Close your field stop enough so that all the edges are visible.

7. Save an image and fill in your worksheet. Congratulations, you have built a

brightfield microscope!

(g) Wavelength dependence of focal point and resolution

1. On your worksheet, note who is using the computer, who is working on the

microscope, and your start time.

2. Remove any colored filters and lower your exposure time.

3. Install a neutral density (ND) filter with the lowest ND. This filter blocks

all wavelengths equally. Optimize your exposure time. Let your TA know if

your image is still over-exposed. Record which ND filter you used on your

worksheet.

4. Use the micrometer to focus on the test target.

5. Determine the group and element of the vertical lines that you can resolve.

Repeat for the horizontal lines. Fill in your worksheet.

6. Remove your neutral density filter. Repeat steps 4-5 after installing the blue

absorptive filter and optimizing your exposure time.
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7. Remove the blue absorptive filter. Repeat steps 4-5 after installing the red

absorptive filter and optimizing your exposure time.

8. Remove your filter and reinstall your ND filter.

9. Fill in your worksheet.

(h) Wavelength dependence of focal point using an achromative

objective

1. On your worksheet, note who is using the computer, who is working on the

microscope, and your start time.

2. Your current objective lens is not an achromatic lens. Replace it with the

achromatic objective lens. There is an iris connected to this lens, which you’ll

use in the next activity. For now, make sure you can identify the lens, and

place it one focal length away from the sample. Loosen the rail carrier and

slowly slide the lens on the rail to bring the sample into focus.

3. Optimize the position of the sample using the micrometer. Note its position

on your worksheet, as well as the group and element of the vertical and

horizontal lines you can resolve.

4. Remove the neutral density filter. Install the red filter. Repeat step 3 and fill

in worksheet. No need to find the resolution for this image.

5. Remove the red filter. Install the blue filter. Repeat step 3 and fill in

worksheet. No need to find the resolution for this image.

(i) Numerical aperture
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The iris connected to the achromatic lens is exactly one focal length away from the

lens, and is called the ‘back focal plane iris’. It is activated by the knurled ring, and

there is a mm scale printed on the iris. This iris is very delicate. It is important

that you do not exceed the range of the printed scale. If the iris cannot seem to

turn all the way to some part of the scale, ask a TA. Do not force the iris to turn.

1. On your worksheet, note who is using the computer, who is working on the

microscope, and your start time.

2. Remove any other filter, then install a red absorptive filter.

3. Use the micrometer to bring the sample into focus.

4. Set the iris to 12 mm and optimize your exposure time.

5. Note the vertical and horizontal resolution on your worksheet.

6. Repeat steps 4 and 5 for iris diameters of 6 mm, 3 mm, and 2 mm.

7. Answer the questions in your worksheet.
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B.3 Simulation Procedure

The simulation is publically available for download here:

https://blogs.uoregon.edu/wonglab/microscopy-labs-for-undergraduates/

A. Create a lens

1. Go to the ‘Create Optics’ tab.

2. Give your first lens a name, e.g. ‘Lens radius 100’.

3. Give your first lens an input radius of 0 and an output radius of 100. Leave

the other options the same.

4. Click on ‘Add Optic’.

B. Mount and align your new lens

1. Go to the ‘Mount Optics’ tab and scroll down to the bottom of the ‘Optics

rack’ list to select the lens you created (e.g. ‘Lens radius 100’).

2. Click ‘Mount to Rail’, then click the button with the ‘∧’ in the middle of the

screen to mount the lens.

3. Click the little box underneath the lens to select it.

4. Use the slider in the middle of the screen (between the two View windows)

to shift the lens along the rail (black line). Use the sliders on the left side

of each View window to move the lens side-to-side (in the Top View) and

adjust the height (in the Side View). Adjust to get the rays to converge on

the rail (black line). No need to make it perfect. Click on ‘Done’ when you are

finished.
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Lens name Lens radius Distance from lens to focal point
100 nm
25 nm

Table B.1. Lens radius and distance from lens to focal point.

5. Make observations. What is the distance between the lens and the focal

point? Fill in Table B.1.

C. Compare lenses

1. Create another lens, with a new name and an output radius of 25.

2. Remove the first lens by clicking on its name in the ‘Mount Optics’ tab, then

clicking ‘Move to Rack’.

3. Find your newly created lens and mount to rail. Align the lens. No need to

be perfect. Click ‘Done’ when you are finished.

4. Make observations. What is the distance between the lens and the focal

point? Fill in Table B.1.

5. Remove the lens from your rail.

6. Make a new lens that will focus the collimated rays 100 mm after the lens.

Mount it to the rail and align it to confirm that it works. Fill in Table B.1.

D. Compare a few wavelengths

1. Go to the ‘Rays’ tab. By default, you currently have collimated 600 nm rays.

Change the wavelength to 300 nm and click on ‘Create Rays’.

2. Make observations. What happened to the focal length of the lens? Fill in

Table B.2.
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Wavelength Lens radius Distance from lens to focal point
600 nm
300 nm

Table B.2. Focal length dependence on wavelength

3. Try two more wavelengths to confirm your observation and fill in your chart.

The effect you see is because the index of refraction for glass is different for

each wavelength and causes the focal lengths of the lenses to change slightly.

4. Go back to 600 nm.

E. Build a 4f imaging system

1. In the ‘Rays’ tab, change ‘Rays Shown’ to ‘Point Source’ and click ‘Create

Rays’.

2. Shift and align your lens with 100 mm focal length so that it collimates the

light.

3. How far is the lens from the point source when it collimates the light?

4. Mount your lens with a radius of 25 to the rail. What is its focal length?

Two ‘∧’ buttons will appear, allowing you to

place it between the point source and the first lens, or after the first lens.

Choose the ‘∧’ on the right to place the lens past the first lens.

5. Align the lens and move it so that the distance between the two lenses is sum

of their two focal lengths.
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6. Make observations. Where do the rays meet back at a point? If you placed

a 1 mm sized circular sample at 0 mm (the point source), where would the

image of the circle form? How big would the image of the circle be?

F. Simulate building the microscope you’ll build in lab

1. Unmount all lenses from the rail.

2. All of the optics for the microscope have already been created and are on

your optics rack. First, mount the sample to the rail. Center it and place it at

600 mm.

3. In the ‘Rays’ tab, change ‘Rays shown’ to ‘Collimated’, and click ‘Create

Rays’.

4. Mount your objective after the sample. Select the lens and read its

description in the ‘Info on Optics’ tab. Look at its radius - what do you think

the focal length is? Align it and position it one focal length after the sample.

5. Build the 4f imaging system by mounting the tube lens past the objective.

Read its description. Align it and position it so that the distance between

the objective and tube lens is the sum of the two focal lengths. Fine tune the

position so that the rays after the tube lens are collimated.

6. Condense the light onto the sample by mounting the condenser lens before

the sample. Read its description. Align it and place it one focal length before

the sample. Fine tune the position so that the rays are focused at the sample.

131



7. Add an iris that is called the ‘Aperture Stop’ by mounting this optic before

the condenser. Align it and position it one focal length behind the condenser.

Notice that you can open and close the iris in the Side View. For now, open

the aperture stop all the way so all the light rays can get through.

8. Next, we want to image the light source onto the aperture stop. Since the

aperture stop is one focal length behind the condenser, whatever is imaged

at the aperture stop will be completely out of focus at the sample plane. We

can do this by changing our rays to be a point source and getting the rays

to overlap at the aperture stop. In the Rays tab, change ‘Rays shown’ to be

‘Point source’ and click ‘Create Rays’.

9. Mount the collector lens between the aperture stop and the light source.

Align the lens and slide it on the rail until the rays overlap at the aperture

stop.

10. If the rays are focused at the aperture stop, they should be collimated as they

pass through the sample. You can fine tune the position of the condenser to

make sure that’s true. The rays should also be collimated after the tube lens.

You can fine tune its position to make sure that’s true. If the central ray is

deviating off the main optical axis, you can fine tune the position of the lenses

to try to straighten it out. Notice that rays that are overlapped at the light

source are completely defocused at the sample and after the tube lens, where

the camera would be. This means that the light source is evenly illuminating

our sample and will not give us false features on our image.

11. Switch back to collimated light in the Rays tab. The rays should be focused

at the sample, collimated after the objective lens, and come to a focus after
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the tube lens, so that the sample is imaged wherever those rays overlap. If

they’re not perfect, adjust the position of your sample, then your objective

lens.

12. You can switch back and forth between looking at rays from a point source or

collimated rays to get your microscope’s alignment to be as close to perfect as

possible.

13. Once you have perfected your alignment, show the collimated rays. Look

at the overlap of the rays after the tube lens. Notice that the overlap isn’t

perfect. This may partially be due to imperfect alignment of your optics, but

even if you have perfect alignment, this overlap will still not be perfect. This

is because of spherical aberrations: this simulation uses spherical lenses, and

while they are cheaper to manufacture (in real life), they don’t perfectly bend

light to a focused spot. In a research-grade microscope, many of these lenses

will be replaced with ‘aspherical lenses’ that are specially designed to give a

tighter focus.

14. In the Rays tab, change your wavelength. Notice that the overlap changes.

This is most apparent at bluer wavelengths. For example, the change in

focus from 350-400 nm is much larger than the change from 650-700 nm. In

lab, you’ll first use lenses like those in this simulation, and then you’ll try a

type of lens called an achromat: they are comprised of two different types

of materials, with different indices of refraction, so the focal lengths do not

change as much for different wavelengths.

15. Go back to the best wavelength to showcase how well aligned your microscope

is. Make sure your best microscope is shown on the screen. Make sure you
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close the program so your work will be submitted. Note the date

and time when you closed the program with your best microscope:

Submit this worksheet with your pre-lab.
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B.4 Surveys

Survey adapted from J. Chem. Ed. 92, 1149 (2015) “Development

of an Assessment Tool to Measure Students’ Meaningful Learning in the

Undergraduate Chemistry Laboratory”. Table B.5 lists the item classifications

based on meaningful learning category (C= Cognitive; A=Affective;

C/A=Cognitive/Affective) and how the item affects meaningful learning (+ =

positive contribution to meaningful; - = hinders meaningful learning). These

classifications are the same for both the pre and post.
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When performing experiments in this chemistry laboratory, I
expect. . . (1 = disagree to 10 = agree)

Number Score Question
1 to learn science that will be useful in my life.
2 to worry about finishing on time.
3 to make decisions about what data to collect.
4 to feel unsure about the purpose of the procedures.
5 to experience moments of insight.
6 to be confused about how the instruments work.
7 to learn critical thinking skills.
8 to be excited to do the activity.
9 to be nervous about making mistakes.
10 to consider if my data makes sense.
11 to think about what the light is doing.
12 to feel disorganized.
13 to develop confidence in the laboratory.
14 to worry about getting good data.
15 the procedures to be simple to do.
16 to be confused about the underlying concepts.
17 to “get stuck” but keep trying.
18 to get nervous when handling equipment.
19 to think about concepts I already know.
20 to worry about the quality of my data.
21 to be frustrated.
22 to interpret my data beyond only doing calculations.

23
We use this statement to discard the survey of people who
are not reading the questions. Please select forty percent for
this question.

24 to focus on procedures, not concepts.
25 to use my observations to understand the behavior of light.
26 to make mistakes and try again.
27 to be intrigued by the instruments.
28 to feel intimidated.
29 to be confused about what my data mean.
30 to be confident when using equipment.
31 to learn problem solvent skills.

Table B.3. Survey before performing in-laboratory activities
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When I performed experiments in this chemistry laboratory, I. . .
(1 = disagree to 10 = agree)

Number Score Question
1 learned science that will be useful in my life.
2 worried about finishing on time.
3 made decisions about what data to collect.
4 felt unsure about the purpose of the procedures.
5 experienced moments of insight.
6 was confused about how the instruments work.
7 learned critical thinking skills.
8 was excited to do the activity.
9 was nervous about making mistakes.
10 considered if my data makes sense.
11 thought about what the light is doing.
12 felt disorganized.
13 developed confidence in the laboratory.
14 worried about getting good data.
15 thought the procedures to be simple to do.
16 was confused about the underlying concepts.
17 “got stuck” but keep trying.
18 was nervous when handling equipment.
19 thought about concepts I already know.
20 worried about the quality of my data.
21 was frustrated.
22 interpreted my data beyond only doing calculations.

23
We use this statement to discard the survey of people who
are not reading the questions. Please select sixty percent for
this question.

24 focused on procedures, not concepts.
25 used my observations to understand the behavior of light.
26 made mistakes and try again.
27 was intrigued by the instruments.
28 felt intimidated.
29 was confused about what my data mean.
30 was confident when using equipment.
31 learned problem solvent skills.

Table B.4. Survey after performing in-laboratory activities
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When performing experiments in this chemistry laboratory this
semester, I expect. . . (1 = disagree to 10 = agree)

Number Type Class Question
1 C/A + to learn science that will be useful in my life.
2 A - to worry about finishing on time.
3 C + to make decisions about what data to collect.
4 C/A - to feel unsure about the purpose of the procedures.
5 C + to experience moments of insight.
6 C - to be confused about how the instruments work.
7 C + to learn critical thinking skills.
8 A + to be excited to do the activity.
9 A - to be nervous about making mistakes.
10 C + to consider if my data makes sense.
11 C + to think about what the light is doing.
12 C/A - to feel disorganized.
13 A + to develop confidence in the laboratory.
14 C/A - to worry about getting good data.
15 C - the procedures to be simple to do.
16 C - to be confused about the underlying concepts.
17 C + to “get stuck” but keep trying.
18 A - to get nervous when handling equipment.
19 C + to think about concepts I already know.
20 C/A - to worry about the quality of my data.
21 A - to be frustrated.
22 C + to interpret my data beyond only doing calculations.

23
We use this statement to discard the survey of people
who are not reading the questions. Please select forty
percent for this question.

24 C - to focus on procedures, not concepts.

25 C +
to use my observations to understand the behavior of
light.

26 C + to make mistakes and try again.
27 C/A + to be intrigued by the instruments.
28 A - to feel intimidated.
29 C - to be confused about what my data mean.
30 A + to be confident when using equipment.
31 C + to learn problem solvent skills.

Table B.5. Survey item classification
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(1 = disagree to 10 = agree)
Letter Score Question

A
The simulation helped me understand the concepts in this
laboratory.

B
This simulation helped me feel more comfortable working
with optics.

C
This simulation increased my confidence for the in-lab
activity.

D
This simulation helped me visualize what is occuring while
building a microscope.

E
This simulation made me more excited about performing
the in-lab activity.

F The simulation made the in-lab activity go more smoothly.
G The simulation was a good use of my time.

Table B.6. Additional survey questions
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(3) Sampaio, P. G. V.; González, M. O. A.; Oliveira Ferreira, P.; Cunha
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