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ABSTRACT

Entangled states have been utilized in a wide range of fields and their quantum
properties have been taken advantage of across quantum information science to achieve
outcomes that are not available through classical means. Despite being used in quantum
computing, cryptography and communication, the use of entangled states of light in
spectroscopy is a new area where a lot is still needed to be understood. The goal of this
thesis is to expand on the understanding of quantum entanglement as it applies to
spectroscopy of different types. Firstly, in entangled two-photon absorption (ETPA)
spectroscopy measured via transmission (absorption) and fluorescence methods. Secondly,
to experimentally realize the utilization of quantum entangled photons in the novel
application of virtual state spectroscopy and finally to prove the viability of entangled
photons in a Hong-Ou-Mandel interferometer for spectroscopic use.

In this thesis, the optical properties of a series of organic chromophores with
differing structure-function properties were studied with classical and entangled light. It
was observed that when used to excite some of these chromophores, entangled light causes
enhancements in their nonlinear responses, which aids in our understanding of the
structure-function relation to entangled light excitation, and the sensitivity of entangled
light in resolving different absorption pathways. The experimental and molecular
parameters necessary for the observation of entangled two-photon excited fluorescence
signals were investigated, and it was found that in addition to high dipole moments and

good quantum yields, there is a strong dependence on the detuning energies between the

XVi



molecule’s intermediate states and the entangled photons; small detuning energies lead to
a resonance effect and coupling between the intermediate states and the photons leading to
higher fluorescence signals. This makes the transition pathway preferred for fluorescence
measurements and enables enhancements in the fields of imaging and microscopy.

The idea of using quantum entangled light as a source to measure the intermediate
or virtual energy levels of molecular transitions has been theorized but this work will be an
expanded experimental achievement. ETPA signals are measured at different interbeam
delay times for a pair of organic trimers that differ in their planarity. By using this data to
obtain an energy spectrograph and comparing the information to results obtained via
classical nonlinear spectroscopic methods, a broader picture of the compounds’ excitation
processes is attained. This is a step towards greater employment of this specialized virtual
state spectroscopy technique. Additionally, Hong-Ou-Mandel (HOM) interferometry has
been used primarily for metrology, but in this research the quantum interference properties
of entangled light interacting with an organic sample’s electronic states is used to determine
information about the coherent excitation of organic molecules. This is the first time an
HOM interferometer is being used to excite an organic sample and obtain information
about optical molecular properties in this way. The dephasing time of the sample was
extracted, and this proof-of concept experiment can now be expanded for further time-

resolved and nonlinear spectroscopy with entangled photons.
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Chapter 1
Introduction & Background
1.1. Scope

In recent years, scientists’ interest in quantum applications and quantum information
science has been on the rise. According to statistics from the Web of Science database,’
publications in this area have risen almost exponentially over the past 10 years with 2020
having the most annual publications on the topic. There have been over 88,000 citations in a
variety of fields, ranging from optics to applied physics, nanotechnology and physical
chemistry. Our growing understanding of quantum mechanics have led to this shift, where
numerous fields are taking advantage of purely quantum properties such as entanglement and
superposition to expand our knowledge on research that has previously been viewed through a
solely classical lens. While some are interested in utilizing quantum technology for creating
devices for communication, computing and cryptography, many are working towards utilizing
the properties of quantum light in sensing and imaging.

Quantum light via photon entanglement is therefore a promising area of study towards
optical characterization of a vast array of materials. The burgeoning fields of ultrafast and
nonlinear optical spectroscopy have enabled us to obtain a stronger understanding of the
photophysical properties and dynamical processes of optical materials, yet with our expanding
insight into quantum correlations, it is apparent that by combining the properties of quantum

light with spectroscopy, we can develop methods to discover even more about these materials.



By harnessing the power of quantum light, researchers may advance experimental methods,
solving unanswered questions and filling gaps in chemistry, material science and biology.

This dissertation focuses on different experimental approaches for using quantum
entangled photon pairs generated by the process of spontaneous parametric downconversion
(SPDC) for the spectroscopy of organic systems. One of the main schemes that has been
theoretically suggested and experimentally realized is multiphoton absorption, specifically
two-photon absorption (TPA) with entangled photon pairs. The high temporal and spatial
correlations of the biphoton pair enable low intensity entangled two-photon absorption (ETPA)
of chromophores. This thesis looks at measuring this ETPA via transmission methods as well
as measuring the ETPA induced fluorescence, while studying the experimental and molecular
parameters necessary to observe these fluorescence effects. In addition to the comparison of
different ETPA measurement methods, these are also compared to classical TPA
measurements and how these relate to structure-function relationships in molecules. ETPA is
expanded on by using it as a way to characterize materials for photovoltaics. Furthermore,
steps are taken towards developing new experimental methods for entangled photon
spectroscopy via two-photon interferometry.

This work follows foundational theoretical reports on ETPA such as those by Saleh, Teich
et al** Kojima and Nguyen* and Javaneinen and Gould® and expands on the preliminary ETPA
experimental work conducted on molecules by the Goodson group®. A major component will
be to gain a better understanding on the molecular response to ETPA excitation and a
comprehensive analysis of ETPA induced fluorescence. Additionally, a new way to understand

entangled light-matter interactions through Hong-Ou-Mandel interferometry will be



investigated. Thus, the aim of this dissertation is to critically explore different experimental
methods using entangled light, to broaden the scope of spectroscopy in the quantum realm.
Although entanglement was initially thought of as counterintuitive as it seemed to leave

quantum mechanics “incomplete”!?

, 1t has since been well described mathematically and
proven experimentally. Quantum entanglement is often simply described as a property of a
system, where the quantum state of one object of the system cannot be described independently
from another object within that system; that is, their quantum states cannot be factored into a
product of single particle states. The classical description of the total state space of a system is
the product of all its subsystem spaces, thus indicating that the total state should be the product
state of all the separate systems. However, in the quantum description, the Hilbert space of the
system is a tensor product of the subsystem spaces, and the superposition principle leads to a
total state that is written in the form,!!
[Y) =24, i, Ciy i |in) Bliz) ® ... & [iy) (L.1)

This cannot be described as the product of the states of the individual subsystems as
Y = Y1) R |Y,) X ... ® |Y,) and as such, a single state vector cannot be written for any
one of the subsystems. This is a mathematical basis for quantum entanglement.

Entanglement is commonly expressed using the four “Bell States” (also referred to as EPR
states) which form the basis of a bipartite state of a two-dimensional Hilbert space. The states
are unique in that a measurement at system A has an equal and random probability of being in

state 0 or state 1. However, the states exhibit perfect correlation because once system A is

measured, the measurement at system B is known.

. 1
lp™) = ﬁ(l()l)AB + IlO)AB)



B 1
lp~) = ﬁ(l()l)AB - Ilo)AB)

1
|¢+> = E(IO())AB + |11>AB)

1

lp7) = 7

(IO())AB - |11>AB)

The Bell states violate Bell’s inequality which predicts that classically, the outcome of a
correlation measurement cannot exceed 2. Quantum mechanics deviates from this and predicts

that the maximal value for a correlation measurement is limited by the degree of entanglement,

P, within a system and therefore the maximum violation of the inequality is 24/ 1 + Pg*.!2
The Bell states lead to this value, therefore they are maximally entangled states. Entangled
states of the Bell state form can be produced in various ways and one extensively studied
method is through the generation of entangled photons. These quantum correlated photons can
be produced by a non-linear optical process known as spontaneous parametric down-
conversion (SPDC). In the SPDC process, a pump interacts with a non-linear crystal and is
converted into an entangled photon pair. An essential quantity that characterizes the interactions
of the generated entangled photon pairs with matter are higher order field correlations, sometimes
referred to as a second-order field correlation,
(Es"(O)E;"(t + DE;(t + T)E;). (1.2)
This function describes the degree of spatiotemporal correlation between the entangled photons.
Numerous theoretical and experimental studies have been conducted on these correlation
functions'>™" because an integral aspect of what researchers seek to understand is how these
correlations affect interactions between entangled photons and matter.
Researchers in the Goodson Group have contributed greatly to investigations on how non-

classical light interacts with organic media. Classical non-linear optical spectroscopy of



organic materials has been largely explored and is well understood, yet the same cannot
definitively be said for spectroscopy using entangled light. While it has been established that
quantum entangled photon pairs do probe electronic states in organic molecules, a better
understanding is needed on how ETPA cross-section measurements scale on the same sets of
molecules using different detection methods, i.e. transmission versus fluorescence. This is
important as accurate and in-depth knowledge of this entangled two-photon excited
fluorescence scheme is necessary for major advancements in entangled fluorescence
spectroscopy and quantum imaging and microscopy. Such studies present challenges due to
the difficulties in measuring ETPA fluorescence and the few studies that have done.
Furthermore, much has not been realized on the spectroscopic nature of ETPA and fully
utilizing it to determine the optical properties of materials for specific optical uses. Thus, this
work seeks to provide answers to these open questions. This introduction will continue with
an overview of classical two-photon absorption, an introduction to entanglement and entangled

two-photon absorption and an outline of the subsequent chapters of the dissertation.

1.2. Classical Two-photon absorption
Two-photon absorption (TPA) is a third-order non-linear optical process that involves the

sequential absorption of two low energy photons via a short-lived virtual state to an excited
state at an energy the sum of the two photons. The two-photon absorption process was first
hypothetically defined by Maria Goppert-Meyer in 1931, when she theorized that an atom in
the ground state can absorb two photons of energy hv, and hv, to an excited state of energy
Vap, Where v, = v, + vp. As the TPA process requires the simultaneous absorption of both
photons, the TPA rate is dependent on the intensity of both photons and thus is proportional to

the square of the light intensity. That is, R, = 8z®? where R, is the random TPA rate, &y is



the random TPA cross-section (sometimes referred to as classical TPA cross-section) and @ is
the photon intensity. In order for this quadratic dependence to be experimentally observed,
very high intensities of light are needed, making TPA initially unfavorable. The invention of
pulsed lasers led to the realization of the hypothesized TPA phenomenon as they are able to

deliver the high density and power of photons needed.

Excited state

Virtual state

Ground state

Figure 1.1. Jablonski diagram of two-photon absorption process.

TPA is a non-linear optical (NLO) effect related to the higher order polarizability of
molecules, thus, TPA measurements provide information on state energies and transition
dipole moments of the two-photon absorbing material under study. As such TPA has been used
to elucidate the structure-function relationship of molecules and gain information about charge
transfer strength and changes in dipole moments. A molecule’s TPA is quantitatively analyzed
by calculating its TPA cross-section (6gz). The TPA cross-section takes into account the
absorption of both photons within a given area and time. Therefore, the unit of the cross-section
is in cm*’s’photon! and are typically on the order of 10°° cm*-s-photon™! and referred to in
units of GM (in honor of Goppert-Meyer) where 1IGM = 10-*° cm*s-photon’!. TPA cross-
sections are sensitive to molecular properties and thus increase or decrease with molecular

structure. 17



Due to the higher order polarizability, specifically the third-order polarizability (y), and
third order susceptibility, (x(®), of the TPA process, it differs in selection rules from one-
photon absorption (OPA). For instance, the ground to final state transition in non-
centrosymmetric molecules is electric dipole allowed in both one and two-photon absorption.
Alternatively, the OPA allowed and TPA allowed transitions in centrosymmetric molecules
are mutually exclusive. Therefore, researchers have been keen to learn what parameters affect
a molecule’s TPA and what can be tuned in order to design molecules with large NLO
properties. The molecular dipole polarization can be expressed as contributions of the

molecular linear and nonlinear optical responses to an external electric field, E!8:
NLO _
Pi = U + al]E] + ﬁl]kE]Ek + yijklEjEkEl + --- (1.3)

where p is the permanent molecular dipole moment, and a, B and y are the tensor elememts
of the microscopic polarizabilities, or hyperpolarizabilities. These microscopic polarizabilities
altogether dictate the macroscopic optical properties of the molecule. The structure-property
relationships for y have been studied in the past. 32 Generally, values of y are known to
depend on extended n-conjugation.'®* However, Marder et al.!” found that it also has a strong
dependence on other molecular parameters such as the charge transfer and bond order
alternation. The charge transfer excited state gives a significant contribution to y as it is
dependent on bond order alteration (BOA) which is in turn tuned by donor-acceptor (D-A)
moieties?!.

The real part of the second order molecular polarizability can be experimentally determined
by third harmonic generation, four-wave mixing as well as quadratic electro-optical
measurements. The imaginary part of ycan be measured by two-photon absorption

experiments. The two photon cross-section is connected to y by:?>23
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From Egs. 1.4 and 1.5, it is clear that the random or classical TPA cross-section has a
dependence on the transition dipole moments u and the permanent dipole moment difference
Ap and this becomes apparent in the TPA cross-section equation obtained from second-order

perturbation theory:’

2
D;

Z] (1) + (2) ”
A uc]/2 Aj —iKj/2

(1.6)

Or ——w1w26(sf — 0 — wI) x

In this equation, w? and w9 represent the photon energies, & and ¢; the final and initial

energy levels respectively, D; give the transition matrix dipole elements, k; are the excited

state linewidths and A](.k) =& —&— wy, which is the energy mismatch. In order to better

understand the TPA cross-section in terms of dipole moments and the different TPA

mechanisms, Upton et al rewrote the random TPA equation as:’

1
(a)0+sg—£e)—ike/2

Or = hz 2 0)0‘025(5f — 2wy)
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Here, the dependence of §; on the transition dipole moment and permanent dipole moment

difference becomes more apparent. The first term in equation 1.7 describes TPA through an

intermediate level. Alternatively, terms 2 and 3 describe TPA through the permanent dipole



pathway where the ground and final states are strongly coupled to each other. Therefore, in the
permanent dipole pathway intermediate states are not involved. This understanding of classical

TPA will be beneficial in studying entangled TPA.

1.3. Entanglement
1.3.1. Non-classical fields

Entangled states are also referred to as Einstein-Podolsky-Rosen or EPR states, due
to the famous EPR paper!® that looked at whether the description of reality described by
quantum mechanics is correct. The unique property of entangled states is that while the
correlations of two subsystems of a state are known with certainty and provide complete
information, the values of physical observables for either of the two individual subsystems
are completely random. As a result, the measurement of a physical observable of one
subsystem allows the value of the other subsystem to be 100% determined. Einstein,
Podolsky and Rosen suggested this with the following state!®

|¥) = Xap6(a+b—co)la)|b), (1.8)
where a and b are the momentum or position of two different particles respectively, and
Co 1s a constant. This EPR state follows the above feature, where measuring neither
observable a nor b are initially known, but measuring one determines the value of the other.
This can be seen by the delta function in equation 1.8.

Nonclassical or quantum light, is light whose properties make it such that it cannot
be described with classical electromagnetism and must be described by the quantized
electromagnetic field. As such, quantum light and classical light differ in terms of their
statistics, correlations and fluctuations. In terms of statistics, light can be divided into three

categories: Poissonian, super-Poissonian and sub-Poissonian. Photon statistics of light can



be defined as a relation between its mean photon number (1) and the variance in photon
number ((A)?).>* Classical light with fluctuating intensity such as thermal light is
considered to have super-Poissonian distribution where ((f)2) > (f) . Coherent light,
such as laser light which can still be described with semi-classical theory, lies on the
boundary and is defined by Poissonian distribution where ((7)?) = (#i). On the other hand,
non-classical light is described with a sub-Poissonian distribution of ((7)2) < (A).
Looking at photon statistics in terms of light fluctuations, it is clear that if the variance is
smaller than the mean photon number, the sub-Poissonian nature of non-classical light
allows for much lower fluctuations in photon number which becomes useful in enhancing
signal to noise rations (SNR) in measurements.?

These distribution statistics can in turn be correlated to the coherence properties of
light. The second-order correlation function, g(®, is a normalized intensity correlation that
characterizes photon number fluctuations by considering the position and time of the
photons from a source.??” This function depends on a time delay, 7, between the photons
and thus the temporal correlation g@®(r) is often referred to. For super-Poissonian
behavior where the variance of the photon number is larger than the mean, g® > 1 (Figure
2). For Poissonian light sources, g = 1 and from this, it is apparent that classical light
fields are limited to g(® > 1. Sub-Poissonian behavior is therefore described by the
parameter g(® < 1 and only describable in quantum terms.2® For coherent (classical) light,
photon modes are statistically independent while for non-classical light, the temporal
correlations ensure that the arrival of one photon is followed by the arrival of the second
photon. Therefore classical, coherent and quantum light can be described in terms of their

degree of correlation with thermal light on one end with 0 correlation and quantum light
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on the other with a 100% degree of correlation. The relationship of classical, coherent and
quantum light with their photon statistics, second order correlation function as a function
of time and degree of correlation is shown in Figure 1.2. It is these correlations that allow
entangled photons to be useful for measurements via interference, coincidence detection,

quantum reconstruction and entangled two-photon absorption.?

e Classical

light
— Super-Poissonian w
[ o
— aQ
S o
S o
D ] e T e o
(@]
o
3
Sub-Poissonian &
=
=

0 v 100
O .
T Quantum light

Figure 1.2. Photon statistics of Super-Poissonian (thermal) light, Poissonian (coherent)
light and Sub-Poissonian (quantum) light. Left axis shows relationship with the temporal
correlation function g® (1) against time delay t. The right axis shows the degree of
correlation of photons from thermal and coherent (non-classical) light to quantum light.
Gerd Leuchs examined the photon statistics and correlations of non-classical
properties of light and deduced that certain aspects of the radiation fields of these anti-

bunched or squeezed states cannot be described in classical terms.** The correlation

function, g® (1), has become a standard way to describe radiation fields and involves
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taking an ensemble average of the electric field amplitudes at particular space-time points.
The first order correlation function g™, describes amplitude characteristics of a radiation
field and considers the electric field amplitude at two different space-time points.
gV (1, 1,75, 1) = (€7 (1, 1) (12, £5)) > (1.9)
At the point where r; = 1, and t; = t,, the function g(» is proportional to the field
intensity, therefore, it is first order in intensity. Higher order correlation fields are needed
to more thoroughly determine the temporal correlations and photon statistics of a light
source. In the classical case, the general form of g®, the second-order correlation function

iS30

gD (rty, 1ytyr3tamaty) = (€7 (11, 1) " (1, t1) € (13, t3)€ (73, L4)). (1.10)
This g function relates to the intensity of the field being measured at two different space-
time points. An ensemble average of the multiplied intensities gives:

9P (@) = ()1 (t)) = (" (t)e(tr)e" (t2)e(ty)) (L.11)
where 7 = (t, — t;) and g,® (7) represents the temporal intensity correlation function.
Alternatively, the second-order correlation function for a two-photon absorber is given as

9P (@) = (" (t)e" (t)e(t)e(ty). (1.12)
In the above descriptions of g(®, the fields are ordered as intensity terms but the same
cannot be done in the quantum description with non-classical light.

In the quantum description, operators replace the electric field amplitudes.
However, due to commutation rules and since the field operators do not commute, the
photon creation and annihilation operators, @*and @ respectively must be appropriately
ordered. Since the second-order correlation function represents the detection of two-

photons at times t and t’ and this process describes the destruction of the two photons at

12



the detectors, it can be written as the matrix element (f| @ (t")a* (t)|i). The two photons
from the initial state, (i|, destruct at the detectors and are therefore not in the final state (f]|.
The correlation function g® (t' — t) is therefore the square of this matrix summed over
all final states:*°

g — 1) x Z(ilatmar ) Nflac) a)li) (1.13)
where Y. ¢ | FXf| = I and with correct ordering (creation operators to the left of annihilation

operators), the g® becomes
gP —v) = (lat@®art)a ) a @®li. (1.14)
To further evaluate the statistics of these we can use the properties of photon number states,
|n). The photon annihilation and creation operators can be rewritten by how they act on the
photon number states as the following:
alny =vn|n—1) (1.15)
atlny =vn+1in+1)
The correlation function in Equation 1.11 can be re-evaluated under the assumption that
the initial state is a pure photon number state, so
(nla*tataaln) =n? —n. (1.16)
This expectation value provides a quadratic and a linear term, and it is clear that as the
average number of photons expectation value is increased, the linear contribution, that is
the quantized effect is less and less pronounced.
Beck utilized a different formalism to understand the temporal correlations of
classical and entangled light sources.>! The famous Hanbury Brown and Twiss (HBT)
experiment (as shown in Figure 3) involves a field impinging on a beam splitter and the

intensities from the two output ports measured by photon-counting detectors to determine
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the correlation (and anti-correlation) effects between the reflected and transmitted output
intensities.’> A time delay, t, is introduced in one arm after the beam splitter, and the
measurement provides the second order (temporal) coherence, g?(t). The “simultaneous”
measurement, where T = 0, is of particular importance as it distinguishes between classical
and quantum fields from their correlations. The classical value for g2() is evaluated by
the normalized correlations of the transmitted (T') and reflected (R) output beams and can

also be written in terms of the incident intensity:*!

) _ Ar@+D)Ip(®)) _ AL+ (L) 1.17
970 = o © — heroRn@©) (1.17)
/ ~ T
> —
R
Coincidence
Counter

Figure 1.3. Hanbury Brown Twiss Interferometer. Incident beam impinges on a 50/50
beam splitter and separates into the transmitted (T) and reflected (R) beam and are
measured by photon detectors in coincidence.’!

For the important case where T = 0, the correlation function in equation 1.17 becomes

2
g@(0) = % and applying the Cauchy-Schwartz inequality to this expression yields
1

the following expression for a classical light source g® (0) > 1. As stated previously, the
quantum expression must utilize the appropriately ordered operators. In the quantum case,

the expression is given as:3!

(2) _ {Ir+Dip(0):)
9@ (I (t+D)NIR(D)) (1.18)

where the colons represent the time ordering of the operators and it can be shown that for

a quantized or Fock state, g (0) = (n — 1)/n, and as previously mentioned for non-
q g p y
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classical light g (0) < 1. This violates the inequality for classical light, g (0) > 1, and

there is a clear difference in the correlations of classical and non-classical light.

1.3.2. Entangled light generation

Idler

Type II SPDC \ Entangled Photon Pairs

Crystal / °
4 o
P o

Pump ¢ [ o

Signal
Figure 1.4. Diagram of Type-1I SPDC process.

The most popular way of generating entangled states is via quantum entangled photon
pairs and this is most commonly carried out through spontaneous parametric
downconversion (SPDC). SPDC is a nonlinear optical process where a single pump beam
interacts with a nonlinear crystal and creates a pair of down-converted photons, i.e. the
signal and idler photon, which can be entangled in frequency, time, space and/or
polarization. A schematic of SPDC is shown in Figure 1.4. The efficiency of this process
is roughly on the order of 107 — 107!, The process is governed by energy and momentum
conservation, thus, the interaction of the pump beam with the nonlinear material leads to
the annihilation of a high frequency pump and the simultaneous creation of two lower
frequency photons that satisfy the phase matching conditions:

w, = wg + w;, k, = ks + k; (1.19)

p
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where w is the frequency, k is the wave vector and p, s and i represent the pump, signal
and idler respectively. The signal and idler photon energies must add up to the energy of
the pump and the vector addition of the signal and idler wave vectors must add up to that
of the pump. The SPDC photons are produced in a cone-like arrangement that is altered by
the angle of the nonlinear crystal with respect to the pump beam. We can look more closely
at the math of the SPDC process as analyzed by Yanhua Shih in order to determine the
entangled two-photon state. The SPDC process is governed by the nonlinear susceptibility
properties of the crystal. The polarization (dipole moment per unit volume) of the crystal
is given by:¥

P = X DB + XU BB + X EiEEL + (1.20)
where ™ is the m™ order electrical susceptibility tensor and the main factor in SPDC is

x@, the second order nonlinear susceptibility. The interaction Hamiltonian for this tensor
can then be written as follows with the integral taken over the interaction volume (V):3*
H =€, [,d*rx®) EEEy (1.21)
The Fourier representation for the electrical fields,
E(r,t) = [ d*k[ED) (k)e~i@wWi-kr 4 () (f)eilwlt=kr] (1.22)
is substituted into equation 1.21 in order to conveniently obtain the SPDC interaction

Hamiltonian. Assuming an infinite volume and a plane and monochromatic pump field,

this becomes:>3
Hine(©) =€o [ dkodkix (2, BSVEGIES 8k — Iy — e e (onmanr=ono)t y .

(1.23)
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where h.c. is the Hermitian conjugate. As was done in the section on entangled light
correlations, while the pump laser beam can be considered as a classical field, the signal

and idler fields which are in single-photon level must be quantized and written in terms of

ECOk) =i /z”f“’ atk), E®k) =i /z”f“’ ack). (1.23)

These quantized fields are then utilized to obtain the entangled two-photon state. The two-

operators:

photon state can be estimated using perturbation theory:*3

W) = = £ f dt Hine (£ 10) (124)
In line with the SPDC process, initial state is in vacuum so there is no input radiation in
either the signal or idler modes. We assume an infinite interaction time and evaluate the
integral, substituting in the quantized electric fields and find the entangled two-photon state
wavefunction:333

|¥) = A [ d3ked3k; 8(w, — ws(ks) — wi(k) 8k, — ks — k) @57 (ks)a; T (ky) 10)

or

——\1/2 . 2
2n

2 2
l Acup Awp

kp))awws)af(wi)m) (1.25)

where the first part of the wavefunction represents the temporal entanglement, with T,
being the entanglement time, the uncertainty in the arrival of one photon after the other and
[ is the length of the crystal. The second part of the wavefunction represents the energy
conservation and the argument of the sinc function represents the momentum conservation

and phase matching conditions of the signal-idler pair, thus, determining the frequency and
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propagation direction of the biphoton. The creation operators of the signal and idler

(at) are present to indicate the simultaneous creation of the photon pairs.

SPDC
Type-l/Type-0 ks k‘ k"
X(Z) Nonlinear crystal st Ki = K ! Collinear
Collinear
— e
Pump
Non-Collinear Non-Collinear
Periodically-poled  phase-matching
Nonlinear crystal Conditions
kp=ks+ki+zx” ks/'\’fl
k
p

Figure 1.5. Spontaneous Parametric Downconversion (SPDC) with a bulk crystal showing
cone-like spatial arrangement of signal and idler photons for different types of SPDC. The
spatial arrangements can be collinear or non-collinear as shown for Types —II, -1, and -0
phase-matching. SPDC can also be performed with a periodically-poled nonlinear crystal.

SPDC occurs in different downconversion types resulting in particular
polarizations of the emitted photons; for an extraordinary pump beam, Type-I SPDC
produces two ordinary polarized beams, Type-0 produces two extraordinary polarized
beams and Type-II produces two orthogonally polarized photon beams, one ordinary and
one extraordinary (Figure 1.5). We are particularly interested in Type-II SPDC due to the

polarization entanglement with the opposite polarizations. In Type-II SPDC, in a negative

uniaxial crystal (such as f-Barium Borate (BBO)), the e-ray emerges from the crystal
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before the o-ray and the maximum delay between the o- and e-ray is given by (ui — ui) =

DL %, where L is the crystal length, u, and u, are the group velocity of the ordinary and
extraordinary photons respectively. Therefore, D = 1/u0 ~1 /ue and the crystal thickness

and polarization properties determine the optical delay between the photon pairs, i.e. the
entanglement time and this leads to a rectangular shape of the two-photon wavefunction
set by these time and polarization restrictions. This is portrayed in Figure 6 as depicted by

Sergienko et al®®

A H(tx'tz)

0 DL t,-t,

Figure 1.6. Schematic of two-photon wave function’’

1.3.3. Entangled two-photon absorption
Due to the strong correlations and non-classical properties of entangled light, around

1990, Gea-Banacloche®® and Javanainen and Gould® became interested in the possibility of
multiphoton absorption, specifically two-photon absorption (TPA) with non-classical light.
They theorized that one effect of entangled two-photon absorption would be the two-
photon rate’s linear (rather than quadratic) dependence on photon intensity at low input

flux, despite TPA being a nonlinear process. Fei ef al also considered this entangled TPA
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(or ETPA) process.> The overall two-photon absorption rate contains both a linear and
quadratic component:
R=R,+R, =0,0 + 5.2 (1.26)
Due to the linear dependence of the ETPA rate on intensity, it is clear this process only
dominates when the photon flux is small. At higher intensities (¢p), TPA is dominated by
randomly arriving photons giving the random TPA rate, R,. Assuming a simple
probabilistic model of TPA, where one photon is absorbed to a virtual state of lifetime 7,
and the second photon is then absorbed to the final state, R, can be linked to the virtual
state lifetime and the single-photon cross-section, o, through their relationship with the
two-photon random cross-section, &, = o2 7. The entangled photon pair however, which
are emitted from the SPDC crystal within the time T, and within the area A,, have a flux
density of ¢/2 photon pairs / cm?s and must arrive at the absorbing material within 7 and
within 0. Therefore the absorption rate of the pair depends on the probabilities T, and {4,
and the ETPA rate R, = g,¢ with the entangled cross-section, o, = 0éT,{A, /2. The
intensity at which there is a crossover between random and entangled TPA and the
processes are equal is the critical flux, ¢, = 0,/d,. A probabilistic way of comparing the
ETPA and random TPA cross-sections can be deduced, in the case where T, > tand A, >
g,
0, = 6,/24,T,. (1.27)
The full entangled-two photon absorption cross-section was then derived using
second-order time-dependent perturbation theory. The entangled two-photon state, |[twin),
(Eq. 1.25) interacts with the atomic or molecular system which is in its initial state,

providing the initial state of the entire system,
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|¥;) =|y) ®ltwin). (1.28)

The system is excited through some intermediate state |l/} j> before it reaches its final state,

|l/Jf>. In the final state of the entire system, the light is in vacuum, |0,0) as the photons have
been absorbed, therefore, the final state of the system is

%) =|vor) ®10,0) (1.29)

The absorption rate can then be derived using the interaction picture. The Hamiltonian

is H = Hy + H; where the interaction Hamiltonian is H; = e€(r,t).r. A time evolution

operator, |W(t)) = U,(t)|¥;), is projected onto the final state of the system to derive the

probability amplitude of the system:?

2
N1 —ej—
Sri =, x/wlwzexp[ %} (1.30)
5% Z{DU) 1—exp{—i[T.(e; — e; — w?) + (T — T./2) (e — &; — 0] — w9)] — Tok;/2}
“ To(e; — e — ) + (To — T./2)(ef — €, — @) — Q) — iT,k;/2

_ exp{_- T. (e- —er + a)g’) — (T, — T, /2)(ef —e;—wd —w)] - TeKj/Z}
To(e; — e + @) — (Tg — To/2) (e — € — ) — w9) — iT,K;/2
where D(J ) = (l/)fldk|l/)1><l/)]|d |1;) are the transition matrix elements with material

electric-dipole moment components dy, d; (with k,l = 1,2); Ty = (T, + T,)/2 (where
T,and T, are the mean transit times determined by the group velocities of the signal and
idler photons), k; is the intermediate state linewidth and A, is the quantization area. This

probability amplitude has a complex dependence on material terms and entangled two-

photon terms. The ETPA cross-section can be written in terms of S¢;:

o, = |Sr:|" 4,2 /A, (1.31)
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This equation can be simplified with a few assumptions; firstly that the pump beam

is monochromatic such that Aw,, = 0 and w, = w3 + w9. With this, the energy mismatch

can be determined to be A, V) = e —e — w}, and Egs. 1.30 and 1.31 can be reduced to®

s
Oe = wlwdS(ef —e; — w) — w3) (1.32)

Using this famous ETPA equation (1.32) from Fei ef al® we can begin to see that there
is a complex dependence on T, and due to the interference between the intermediate states
of the molecule and the entangled photons, there is constructive and destructive
interference that leads to an oscillating, nonmonotonic behavior of g, as a function of the
entanglement time. The ETPA cross-section is dependent on the material electronic states
as well as the material dipole moments. A more in-depth analysis of this ETPA cross-
section was carried out by Upton et al in a 2013 study.’ They considered the different
pathways of two-photon absorption and the role these pathways play in entangled two-
photon absorption. For some molecules there is an intermediate state close to resonance
with the absorbed photon, and as a result, the TPA process occurs through this intermediate
with coupling of the intermediate state and the entangled photon. Here, g, is dependent on
the transition dipole moments between the ground and intermediate states and between the
intermediate and final states. Alternatively, molecules with intermediate states that are

further off from resonance undergo TPA through the permanent dipole pathway. In this
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case, the intermediate states are directly coupled to the ground and final states and
o, depends on the change in permanent dipole between the ground and final states.
Equation 1.32 was therefore modified in this study to reflect the different pathways and

was given as:’

_ A
h2 EOZAeTe

o, wo28(ef — ey — 2w,) Eq. 1.33

1— ei(w0+£g—£e)Te—KeTe/2 1— eione—KgTe/Z
.ufe- eiﬂeg.es +
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where e; and e are the polarization of the signal and idler, In Eq. 1.33 the first term
describes ETPA via the transition dipole pathway and the second and third terms describe
ETPA through the permanent dipole. It can be seen that the first term involves the transition

dipole moments, s, and p,4 while the second and third terms have the dipole moments of

the ground and final states usf and pg, and the ground to finale state transition moments

Krg-

Javanainen and Gould also looked at the theory of the linear intensity dependence
of a two-photon transition rate with light generated by parametric down conversion.®> They
considered both pathways; one where there is a two-step process and the field populates
the intermediate state and immediately after populates the excited state (what we refer to
as the transition dipole pathway) and the other route which is a two-photon process, and
proceeds via a coherent superposition between the ground and final states (the permanent
dipole pathway). They were able to suggest a model that estimates the two-photon

transition rate in a three-level atomic system excited with down-converted light at
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frequencies close to resonance with the two-photon transition. Considering the decay rates
of the intermediate and final states as I' and y respectively, the total two-photon transition
rate of both pathway contributions is given as’

do1di2
hz

2 [E412 y/2 Ezhw‘r]

R= r 8§2+(y/2)2 €ocA

Eq. 1.34

In this equation, d;; represent the transition dipole elements, T and A are the coherence
time and area respectively and E represents the electric field where the intensity, 1, is [ =
cegE?/2. We can see that in Eq. 1.34, at low intensities the two-photon rate is linearly
dependent on the intensity and that as intensity increases, the crossover to a quadratic
dependence on intensity takes over. In this intensity range and with higher photon densities,
it is more likely to find uncorrelated photons in a coherence volume interacting with the
atom.> In order to experimentally observe this two-photon phenomenon, there are some
requirements that Javanainen and Gould brought up that must be met. One requirement is
that there should be a nearly resonant intermediate state with the photon field. The second
requirement considers the two-photon rate below the critical flux where there is linear
intensity dependence. In the limit where I" and y are equal and the detuning energy is zero,

the linear intensity rate is

_ 1[4mdo1dq2 2
R=> [—MEOA ] Eq. 1.35

with A being the area of the focus and the down-converted light having a Gaussian beam

profile.
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1.3.4. Experimental Observations of Entangled Two-Photon Absorption

Since the early proposals of ETPA in the 1990s, work has been done to experimentally
realize the phenomenon. The first experimental realization of this linearly dependent two-
photon transition was carried out by Georgiades et al. when they were successful in using
down-converted pairs to produce a two-photon excitation in atomic cesium.?’ Georgiades
et al measured the photocurrent from the fluorescence of atomic Cs which had been excited
with squeezed pairs generated by non-degenerate parametric conversion. They observed a
dependence of the excited state population that deviates from quadratic and instead has a
fit which has linear plus quadratic function. The log-log plot of this data recorded a slope
of 1.3. This experiment was repeated with coherent light and with this they observed the
typical classical quadratic behavior. Hence, their experiment provided the framework for
the experimental observation of processes caused by excitation with non-classical fields.

Additionally, Dayan et al later demonstrated TPA with broadband down-converted
light, exciting a Rb cell and measuring the resulting fluorescence with a photomultiplier
tube.?® They found that there were phase-sensitive modulations related to the correlation
function of the nonclassical light. This work presented the opportunity for quantum
coherent control with the TPA process, and that TPA can be induced with down-converted
photon pairs at orders of magnitude lower peak power than fs pulses.

In 2006, Dong-lk Lee in the Goodson Group at the University of Michigan was
successful in experimentally observing the linear ETPA rate as a function of intensity for
an organic porphyrin molecule.?® In addition to this, he attained varying ETPA rates with
different delay times, confirming the nonmonotonic behavior of ETPA cross-sections as a

function of time. A large ETPA cross-section on the order of ~10"'7 cm? was measured,
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which is comparable to the single photon absorption cross-section (~107'¢ ¢m?). It is
important to note that the ETPA cross-section and classical TPA cross-section cannot be
directly compared due to the different units.

Since then, more work has been done to determine trends and comprehend the
processes of ETPA in organic chromophores. A systematic study was done on the effect of
increasing thiophene dendrimer generation on TPA and ETPA, as dendrimers are known
for their efficient intramolecular energy transfer and hence good TPA properties.*
Interestingly, whereas ETPA is performed with an input flux of ~107 photons/s while
classical TPA utilizes input fluxes on the much higher order of ~10?° photons/s, the trend
of increasing ETPA cross-section with increased thiophene units matched trends in cross-
sections measured with classical TPA. This discovery suggested that both entangled and
non-entangled light were probing the same states in these materials. Additionally, ETPA
measurements were performed both in solution and in film. Enhanced cross-section of the
dendrimer films compared to their corresponding solutions indicated better detection of
entangled photons and opened a gateway to more solid phase experiments with entangled
light. Another important area of research has been finding methods to control the ETPA
process. Entanglement time variation has been greatly studied* but Guzman et al. further
examined degree of entanglement by controlling ETPA with phase-matching conditions of
SPDC.® It was shown that the non-collinear orientation yielded the greatest ETPA,
followed by the collinear orientation then the spatially-separated conditions which showed
no absorption at all. ETPA has been conducted in other popular two-photon dyes, and was
found to be sensitive to molecular aggregation at high molecular concentrations (=

ImM).*! ETPA measurements have also been extended to biological systems, and have
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found to be sensitive to the environments of fluorescence proteins which has great
implications towards using entangled photons for biological sensing.*?

Many ETPA methods utilized a transmission method to detect absorption via
attenuation, but in 2013, an observation of fluorescence emission in an organic dendrimer
upon two-photon excitation by entangled photon pairs was made.” The ability to
characterize fluorescence generated with such low input flux is truly exciting application-
wise with implications in imaging and microscopy, and further ETPEF experiments have
been conducted.**** The ETPEF study by Varnavski et al yielded results showing ETPA
fluorescence has a nonmonotonic dependence on the delay between signal and idler
beams.* Multiple chromophores were probed in this study and each exhibited different
intensities of ETPA fluorescence that correlate to their measured ETPA cross-sections,
implying differences in selective biphoton absorption and the ETPA origin of this emission.
This is motivation to further understand the mechanisms that govern the interaction of

entangled photon pairs with matter.

1.4. Quantum Interferometry with Entangled Photon Pairs

While there has been a lot of interest in the topic of entangled two-photon absorption

spectroscopy, researchers have also been interested in other methods that take advantage of the

photon correlations of quantum light in spectroscopy. Quantum interferometry is one such

avenue to be exploited and as a result there has been great enthusiasm towards the possibility

of using the quantum interference of entangled light as a means to obtain further spectroscopic

information about organic and biological molecules. Optical interferometry in general is a

useful technique for measuring optical phases and has been employed for numerous
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applications from white light interferometry for measuring chromatic dispersion*, medical
imaging with optical coherence tomography*® and laser interferometer gravitational-wave
detectors for precise measurements of minute distances.*’” These methods usually rely on
classical interference making them single photon processes, but when correlated photons are
employed, quantum advantages can be achieved leading to higher sensitivity, limiting
systematic errors and providing enhanced resolution. 3+

Quantum interferometry with entangled light states has been thoroughly studied and is now
commonly employed in quantum optics particularly for metrology and quantum light
characterization. Nonclassical light states can be used in different interferometric regimes such
as the Hanbury-Brown-Twiss (HBT) and Hong-Ou-Mandel (HOM) interferometers. As was
discussed in section 1.3.1, the HBT interferometer is used to determine the correlation and
anticorrelation effects of a light source and connects these to the spatial and temporal coherence
properties of the source.’® Thus, HBT experiments have become a standard for measuring the
quantum nature of the field and the purity of the single photon source. The HOM interferometer
consists of a two-photon interference effect that measures the indistinguishability of photon
pairs.’! After its initial demonstration by Hong, Ou and Mandel in 19875, this two-photon
interference effect has since been implemented in quantum information protocol for Bell state

tests>? and quantum logic operations.™
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Figure 1.7. Four possible pathways that photons from opposite arms in the interferometer can
take at a 50/50 beamsplitter. Photons will interfere with each other if they are indistinguishable
and destructively interfere.>*
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An HOM interferometer measures the quantum interference resulting from the interference
of probability amplitudes of 4 different two-photon Feynman paths, when indistinguishable
photons are incident on a 50/50 beam splitter as shown in Figure 1.7. In the latter two pathways,
where both photons are transmitted (TT) or both photons are reflected (RR), the
indistinguishability of the pathways causes pathway entanglement. Hence, these two pathways
destructively interfere and only the first two pathways where both photons exit the same port
are measurable, leading to null coincidence counts. This HOM interference dip can be
explained mathematically considering the beam splitter operators as given by Szoke ef al.>
The beam splitter operators, B, and B, act on the bosonic creation operators @' and b (for
photons at ports a and b) to give the unitary transformation of an input state at input ports a/b

of the beam splitter to the output states in ports, ¢/d:>>

A Ba 1 /A .5 ~ Bb 1 /.4 )

at = E(CJF +id'), bf- \/—E(ch +dt), Eq. 1.36
Bal1)a = Ba@*10)q = 5 (1)l 0)a + il0)[1)a) Eq. 1.37
Byl1)p = Byb10), = 7 (11 10)4 + 10)1)e). Eq. 1.38

Where aT, bT, ¢t and dT are the creation operators for photons in ports a, b, ¢ and d
respectively, acting on the vacuum state |0) and the beam splitter introduces a phase shift of
m/2 in the output state of the reflected photons. If a pair of entangled photons is introduced at

input ports a and b:
BaByl1)al1)y = (&1 + id")(ie" + d")10)[0)y).

= (it + etar — dtet +id"?)]0).10)0). Eq. 1.39
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As a result of the phase shift, there is a commutator term in the middle of equation 1.39. Since

the photons are indistinguishable, the commutation for these creation operators at the beam
splitter output is equals to zero,

[¢t,dt] = [étdt—dtet] = 0. Eq. 1.40

Thus, the first and last terms of equation 1.39 remain, that is, where both photons are at

output ¢ or both photons are at output d (RT and TR terms). The state that remains is:
=2 (i€ +d")10)c10)g) = = ({12)c|0)q +10)c12)a).  Eq.1.41

Such a state is commonly referred to as a NOON state where |N)|0) + |0)|N) ie. a
superposition of N particles in mode ¢ and 0 particles in mode d, and N particles in mode d
and 0 particles in mode c. As such, only one of the two detectors will measure a detection and
there will therefore be no coincidence count reading. These leads to the signature HOM
interference “dip” in the coincidence counts. This effect can only be seen with a 50/50 beam
splitter, as an asymmetric beam splitter would result in an interference that is not completely
destructive.

The pathway entanglement is created in the commutator in Eq. 1.39 because the photons
are indistinguishable. Entangled photons are indistinguishable when they have the same
defining quantum states such as frequency and polarization. Thus, if the photons become more
distinguishable due to a change in parameters, the interference will decrease and the
commutation relation will no longer be equal to zero, resulting in a change in the depth of the
dip. Furthermore, any modification to the photons or light-matter interaction will lead to a
modification in the commutator. This phenomenon of HOM interferometry can be better
understood by considering photons which are distinguishable via some parameter, for example

polarization. Assume these two photons are identical in other properties such as time and
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frequency but have orthogonal polarizations, H and V. If c“; and &]T are bosonic creation

operators in beam splitter output modes, ¢ and d, the output state of the photons after exiting

the beam splitter is>¢
poutyy == (ehed +efdl — efdl — dfdl) 10)eq Eq. 1.42
= %(Il;H)cll; e+ 1L V)L HYg = 1L H)AL Vg — 11, H)al1; V). Eq. 143

The first term in Eq. 1.43 contains both photons in mode ¢ similar to the fourth term which
contains both photons in mode d. Therefore, the first and fourth terms will lead to null
coincidences as both photons arrive at the same detector. The second and third terms contain

only one photon in each mode ¢ and d, but each with a either a horizontal or vertical

S

polarization and [c“;;d:, - c“;ci;;] + [¢tdT—dtét]. The coincidence probability can be
computed from the probability amplitudes in front of these middle terms with only one photon
at each output port. The coincidence probability of detecting one photon in each output mode
then becomes p = |1/2|? + |—1/2|?> = 1/2.% Therefore, there is a 50% chance of both
counters detecting a photon.

On the other hand, two photons with the same polarization would result in a different
outcome. If all other properties of the two photons are the same and they have the same

polarization, H, these photons would be indistinguishable. Therefore, their output state would

be:3°
[wouty, = (ehel + ehdl — efdl, — dfdl)10)eq Eq. 1.44
= (&feh — dfdf)I0)eq Eq. 1.45
= =12 ). = 12 H)a) Eq. 1.46
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In this case, the two middle terms of the output state equal zero because the commutator
[6;{,&}; - 6;;&;5] = 0, but the state comes out normalized since (a)"*|0) = Vn!n). In equation
1.45, the first tern has both photons in mode ¢ and the second term has both photons in mode
d, while there are no terms containing one photon in each mode due to the commutator
[6;{1, d;&] Since all photons were of the same polarization and the remaining terms are shown
in Eq. 1.46, the coincidence probability of detecting a photon at each detector now is p =
0. Clearly, it is not possible to detect coincidence counts and this leads to the coincidence
counts dropping to zero and creating an HOM “dip”.

Grice and Walmsley described the HOM process theoretically using the electric fields. The

field operators at the two detectors can be described as given by Grice and Walmsley by >’

1
~(+) — B(+) p+)
BP0 =+ BP0 + ES (¢ + 1)
EP® = H[EP© - B (e +50)] Eq. 147

where the photons are o- and e- polarized, t represents time and 47 is the relative delay between
the two photons of the entangled pair. Therefore the probability of detecting one photon at the
first detector at some time t; and one photon at the second detector at time t, becomes >’
Pia(tr, 653 87) = (E{” (t) B3 (6)E;” () By (1) Eq. 1.48
and the average coincident counting rate (as a function of the relative delay) at the detectors is
then®’
Re(87) == [ J dtidt,Pyy(ty, t5; 67) Eq. 1.49
where T is the coincidence module detection window. This can be written in terms of the pump
envelope function a(w, + w,) and the phase matching function ®(w,, w,) which symbolize

the energy and momentum conservation of the SPDC process:>’
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R.(87) « [ [ dwydw,|a(w, + we) I*[|9(w,, we)|? —

D (Wg, W) P* (W, W, )e " H@e=@a)5T], Eq. 1.50
This expression considers the change in the coincidence count rate as a function of the relative
delay. The first term is an integration over the two-photon probability distribution and is
proportional to the probability of observing photons from the SPDC process. The second term
changes depending on the magnitude of §7. With large &7, the second term makes no
contribution to the integral and the coincidence rate is set by the first term. Therefore, at large
relative delay times between the photons of the entangled pair, the coincident count rate is
constant. However, as §7 goes to zero, the second term increases and the coincidence rate
drops, approaching zero as &t approaches zero. Since the two-photon wave function is
rectangular in time due to the sine cardinal frequency spectrum of the SPDC photons, the
convolution of the two rectangular wave functions (one for each photon) results in a triangle.
This gives the resulting coincidence drop, known as the HOM dip, its signature triangular

shape, a depiction of which is shown in Figure 1.8.

Coincidence Counts

I l I
-200 0 200

Time Delay (fs)

Figure 1.8. Diagram of HOM signal showing coincidence count rate as a function of delay
time.

Due to its unique properties, researchers have grown interested in exploiting quantum

interference in HOM setups towards further optical characterization of a variety of systems.
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Dispersion cancellation effects of the HOM phenomenon have been paramount to methods
such as quantum optical coherence tomography and quantum metrology.>® In these methods,
the laws of quantum mechanics are used to maximize the information extracted from a material
under study.*® Typically, interferometric techniques are utilized throughout physics to estimate
optical phases (¢). By using quantum light in the form of NOON states, the precision and
resolution of these methods are improved by the reduction of statistical errors due to quantum
noise and the ability to beat the shot noise limit. Quantum methods usually allow a precision
enhancement equivalent to the square root of the number N of entangled particles.> Therefore
using two entangled photon states, quantum interferometry measurements can be enhanced by
a factor of v2.%

So far, studies involving quantum interferometry with samples have been employed mainly
in metrology and tomography. For instance, quantum optical coherence tomography (QOTC)
utilizes the quantum effects of entangled pairs to provide resolution enhancements in
measuring optical sections and thicknesses of samples. In QOTC, reflective samples are placed
in one arm of the interferometer and a reflection coefficient or sample reflectivity function is
obtained as the interferometer reflects off the layers of the sample.®® As such, HOM dips are
obtained at different positions for different reflections of the sample and provide the sample
thickness and refractive index. A drawback to this technique is that it can only be used with
reflective samples and as a result in order to measure non-reflective materials, they must be
coated with thin reflective substances such as gold nanoparticles to enhance reflectivity.**With
QOTC, the measurement involves physical penetration of the sample as opposed to excitation
of the sample’s energy levels. As such the wavelength used to probe the material is not tailored

to the material’s excitation wavelengths and is solely chosen to reduce scattering effects. Since
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the QOTC technique does not involve exciting the sample, it does not involve the sample’s

electronic states and therefore only measures physical properties, but not electronic properties.

1.4.1. HOM Interferometry for Spectroscopy

As further studies have been carried out on quantum beatings observed in HOM
oscillations®!-$? and the influence additional phases acquired by the photons have on HOM
shapes,® proposals have been made for using HOM interferometers for spectroscopy.?®-%4
It is of importance to consider what the effects are of exciting samples placed in an HOM
interferometer path, how this alters the observed HOM dip if at all and what information
can be gained from this interaction. A light-matter interaction with one photon of the
biphoton pair will affect the indistinguishability of the photon pathways. Therefore, the
HOM dip should carry a signature of the light-matter interaction that has been experienced
and measuring the modifications should be able to offer spectroscopic information.>> While
proposals and previous studies have shown that exciting narrow linewidth, non-sensitive
inorganic materials with entangled photons in an HOM interferometer can be achieved,®
the question remains whether this can be extended to more sensitive organic and biological
chromophores which typically have broader linewidths. Due to the higher sensitivity of
quantum interferometers compared to classical, such spectroscopy could lead to
measurements with better precision from this quantum advantage. As such, we wish to
explore this by employing HOM interferometry to determine molecular properties of
organic systems. With this experiment, I seek to determine whether the low intensity of
photons in an HOM interferometer can indeed excite a sample placed in its path and result

in an observable alteration to the HOM signal. Furthermore, I wish to look at what this

35



interference between the molecular states and the photons of half the entangled pair will
result in when the photons recombine with their analog photons from the opposite path.
In addition to properly setting up the HOM interferometer, it is important to
understand how this process of spectroscopy will work both experimentally and
theoretically. The experiment involves a resonant absorbing medium being placed in one
arm of the interferometer for transmission of the propagating signal photons. As the sample
is resonant with the entangled photons, the transmission will result in a coherent excitation
of the sample related to its susceptibility, (y(*). This light-matter interaction will cause a
modification to the signal photons determined by the susceptibility, resulting in a phase
shift for the different frequency components of the sample. At the beam splitter, the idler
beam will experience the aforementioned m/2 phase shift, which is independent of
frequency. This compensates for the shift caused by the molecular interaction in the
opposite path and introduces a time shift to the HOM dip when photons from both paths
recombine at the beam splitter. However, the quantum interference between the signal
photons and the molecular states leads to a frequency dependent shift in one arm while
there is a non-frequency dependent shift in the other. Thus, the idler beam cannot fully
compensate the acquired phase modification in the signal beam and the HOM dip loses its
symmetry, resulting in a change to the shape of the dip. Since the asymmetry of the dip is
caused by the group delay contribution from the sample’s coherent excitation, the
asymmetry lasts for a duration related to the dephasing time, T2, of the resonant absorption.
If the experiment captures this phase shift and asymmetry, the dephasing time of this

excitation can then be extracted from the measurement.
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With the correct theoretical formalism, the observed experimental HOM results can
be appropriately analyzed to interpret the light-matter interaction and understand how it
relates to the sample. We have worked closely with theorists from Professor Shaul
Mukamel’s group at the University of California, Irvine to interpret this experiment. By
displaying how the light-matter interaction is encoded in the coincidence counting rate, the
information pertaining to the sample in the dip can be extracted. The output modes of the
beam splitter are given by the beam splitter unitary transformation and described by the

photon operators, ¢(w), d(w) as:®
c(a))) 1 (1 i <as'(0)))
=— , S1
(d(a)) =G 1) a;' (@) Eq L5
These exiting beams travel to the photon detectors where they are measured in coincidence,

giving the coincidence counting rate (R.(t)) as a function of the optical delay, T, between

the two photon beams as follows:%3-6¢
Re(t)=4 f_Tqvf/fz de (dt(®)ct(t + 1)t + 1)d (b)) Eq 1.52

where T, is the detection window and the constant A depends on the incoming photon flux,
the efficiency of the photon detectors, and propagation losses. c(w), d(w) (cT(w), dT(w))
are the boson annihilation (creation) operators corresponding to the photon modes detected
by the two detectors which are joined in coincidence. Using the joint spectral amplitude,
f (ws, w;), which depends on the entangled biphoton state, and how it becomes modified
by the sample’s transmission, the coincidence counting rate can be rewritten to incorporate
the features of the entangled light field and the molecule under study. The entangled
biphoton twin state generated by SPDC can be written as®

|P) = ffdwsdwif(ws' wi)asf(ws)aif(wi)los; 0;), Eq 1.53
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where the joint spectral amplitude (JSA) is f(ws, w;) = a(ws + w;)B(ws — w;) with
a(ws + w;) being the pump envelope and S (ws — w;) the phase-matching conditions. In
the twin state, ast(w) and as(w) [(a;T(w), a;(w)] are the creation and annihilation
operators respectively for the signal [and idler] modes. When the signal beam propagates
through the sample, it is modified by the sample’s matter transmission amplitude T (w),
and the signal mode ag;(w) becomes:%’
a;'(w) = T(w)as(w) + n(w) Eq 1.54
(n(w) is the quantum noise associated with the absorption process). This transmission
function contains susceptibility, thus, the signal mode and subsequently, the effective JSA
are modified by the light-matter interaction leading to an altered JSA of f(wg, w;)T (wy).
From Eq. 1.50, where the coincidence counting rate, R, is written in terms of the
pump envelope and phase matching functions, it is clear that in the case of our experiment,
the rate can similarly be written in these terms, i.e. including the JSA. Thus, R.(t) from

equation 1.52 can be written as:>%¢

R.(t) = A (% — > [ dodo'f*(w,0") f (o', 0)T* ()T (@)e " w’)f). Eq. 1.55

If there is no sample in place or there is a medium which is transparent to the entangled
light, the transmission function T'(w) = 1 and the HOM dip is symmetric around the zero
delay as is generally expected. However, the introduction of a resonant sample into the
interferometer path causes the JSA to be modified by the sample’s transmission. Therefore,
the coincidence rate in Eq. 1.55 depends not only on the JSA relating to the light field, but
also on the sample’s susceptibility. As it now contains matter information, specifically the
full linear susceptibility of the molecule, it can be used to determine the optical properties

of the molecule. For example, the linear susceptibility (y) can be linked to the dephasing
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time for a molecular response dominated by a single resonance with a Lorentzian model

for a 2-level system as:

04

x(w) =

Eq. 1.55
In this equation, a is a constant related to the length and concentration of the sample and
(1 is the frequency of the resonant transition. By connecting this to the coincidence rate, the
HOM data can be modelled to extract the dephasing time parameter.

The goal of this work in the context of this dissertation is to setup a proof-of-
concept experiment where the objectives are four-fold. First to confirm that the HOM
signal is responsive to sensitive organic samples that typically have broader linewidths than
inorganic structures with narrow resonances, and are more susceptible to inhomogeneous
broadening which might make subtle changes to the signal harder to perceive. Secondly,
the obtained HOM signal through the resonant sample should reproduce the shift and
asymmetry that has been predicted by theory. Third, the experimentally obtained dip
through the organic dye should be able to be fit with data pertaining to the sample to
confirm it carries molecular information. Lastly, if the experimental data can be used to
extract the dephasing time, it confirms that the experimental setup can be used for time-
resolved measurements. All these will have much broader implications across spectroscopy
as the experiment is applied in different fields and for nonlinear measurements.

By setting up a working experiment and properly analyzing these results, we may
open doors to a new form of quantum spectroscopy. The experiment is increasingly
promising for the opportunities of spectroscopy with quantum light it gives rise to. It can
be used to study organic systems with interesting excitation properties or systems that

undergo symmetry breaking such as quantum emitters. It can also be applied to sensitive
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biological systems of interest to biologists and biophysicists, to study protein dynamics and
molecular coherence. Mainly, the experiment can be extended to nonlinear spectroscopic
measurements with quantum advantages. The experiment can be modified with the
introduction of an external beam, causing a steady state excitation in the medium while the
entangled photons are utilized as a probe. In essence, with an external beam exciting the
sample in the HOM path, a highly sensitive pump-probe system can be devised adapting
the setup into a non-linear experiment using entangled light and its advantages.
Additionally, the experiment can be modified in such a way that the entire biphoton pair
interacts with the sample, leading to an entangled two-photon excitation with entangled
light that probes higher order interactions while employing the control knobs and
sensitivity offered by quantum pairs, enabling us to characterize and manipulate a
molecule’s optical responses with extremely low probing power. The frequencies of the
photons, f(ws, w;) can be tuned to observe the molecular optical response to different
wavelengths. In this dissertation, for the first time, interferometry with quantum entangled
photons is used to provide a sensitive characterization of electronic properties of organic
molecules. This experiment can be expanded to nonlinear measurements taking advantage
of the strong correlations and high sensitivity of entangled photons, thus leading to more
sensitive measurements in a variety of chemistry, biology and material science fields. Thus,

this is an important contribution to this dissertation.

1.5. Overview of subsequent chapters

This dissertation looks at different methods involving quantum entangled photon pairs in

the characterization and understanding of optical properties of organic molecules. In some
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cases, this is combined with classical spectroscopy to gain a wider picture of the molecular
properties and discern what enhancements quantum light may provide. Additionally,
theoretical calculations are utilized to better understand and explain the experimental findings.

Chapter 2 has a comprehensive breakdown of most of the experimental and theoretical
techniques that are used throughout this work along with their theory. The two experimental
works that were developed more during the dissertation research will be in separate chapters.
In chapter 3, I investigate the optical properties of thienoacene molecules with different central
atoms and provide a basis for the comparison of the linear, two-photon and entangled two-
photon properties in molecules with varying dipolar or quadrupolar character. Classical TPA
cross-sections are compared to entangled TPA cross-sections obtained via both absorption and
fluorescence experiments and it is shown that the transition pathway used upon excitation has
an effect on the ETPA process and ETPA is more sensitive to excitation pathway, thus
providing higher resolution than classical experiments.

Chapter 4 is an extensive analysis of the entangled two-photon excited fluorescence
(ETPEF) process and the molecular and experimental parameters necessary to observe it.
ETPEF was first suggested theoretically and over the past seven years, experimental
realizations have been attained in various forms. ETPEF is an extremely difficult experimental
method as the emission signals to be observed are low. Thus, it is important to understand what
contributes to successful ETPEF experiments. In this chapter, an in-depth look at the ETPEF
setup is given and the optimization of fluorescence signal observation above noise levels.
Theoretical calculations are carried out to compare the molecular parameters of molecules that
have and have not provided good ETPEF signals. These results show that in addition to high

transition dipole properties, resonance between the excited states and entangled photons is
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extremely important for observing ETPEF. With these results, future researchers can tailor
either experimental or molecular parameters in order to achieve the quantum advantage offered
by entangled photon fluorescence.

In Chapter 5, entangled two-photon spectroscopy in addition to classical spectroscopic
methods are used to study the optical properties of organic molecules for photovoltaic
applications. Here, we use the nonmonotonic behavior of entangled two-photon absorption to
understand organic molecules' virtual-electronic-state interactions with entangled photons.
Comparing this to classical time-resolved and non-linear spectroscopy, this permits us to obtain
the energies of virtual states contributing to two-photon excitations and learn more about the
dynamics of these materials.

In Chapter 6 we shift gears from entangled two-photon absorption and examine another
avenue for using entangled photon pairs for spectroscopy via Hong-Ou-Mandel interferometry.
The goal of this study is to utilize the coherent excitation of a sample placed in the HOM
interferometer path to gain information about the sample’s molecular properties, specifically,
the sample’s dephasing time. This can be deduced by studying how the presence of the sample
changes the HOM coincidence dip position and shape and applying the necessary theoretical
modeling to extract the dephasing time. The chapter involves a detailed description of the
HOM interferometer and how it was built. This investigation offers a new opportunity for
characterizing and controlling organic molecule’s coherent response with high sensitivity, all
at extremely low probing power. The final chapter, Chapter 7 ends the dissertation with a
summary of the studies and conclusions as well as future prospects for expanding the

investigations carried out in the field of entangled photon spectroscopy.
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Chapter 2
Experimental Techniques and Methods

2.1 Overview

In this chapter, the experimental and theoretical techniques that are used throughout this
dissertation are discussed. These techniques were used to elucidate different optical properties
of the materials investigated. By understanding the functions of these methods and what
information they are used to obtain, the reader will be better familiarized with their purpose
and the results provided throughout the dissertation. Additionally, the techniques here are
discussed in detail such that the reader will be well-versed enough in them as they appear in
subsequent chapters. Those techniques that were built or specially optimized for this work will

be discussed more comprehensively in their separate chapters.

2.2 Steady State Spectroscopy

Steady state spectroscopic methods are used to understand the initial optical properties of
the system under study. Two steady state spectroscopy techniques were used, UV-Visible
absorption spectroscopy and fluorescence spectroscopy. These methods provide information
on the basic linear optical properties of the molecule. UV-Visible absorption involves the
measurement of the absorbed electromagnetic radiation as a function of wavelength/frequency.
As the name suggests, this method considers absorption in the ultraviolet to visible (UV-vis)
range of the electromagnetic spectrum which is from 200-800nm. Absorption spectroscopy in

this region is commonly referred to as electronic spectroscopy. When a material interacts with
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light of an energy that corresponds to the energy of a specific atomic or molecular orbital
transition, this light will be absorbed, and the electrons of the atom or molecule are promoted
from a low energy ground state to a higher energy excited state. As such, certain corresponding
wavelengths of light are necessary to achieve these transitions. For the molecules I studied in
this dissertation, all absorption occurs in the UV-vis range and can be measured by uv-vis
spectrometers. Beer-Lambert’s law (Eq. 2.1) gives an explanation of the transitions measured
by steady state absorption.! This law states that there is a relationship between the attenuation
of light of a substance and the properties of that substance. Specifically, the absorption of light
by the sample (A) is the ratio of the absorbed light intensity, I, over the initial intensity of light
that interacts with the sample I;,. This can be written in terms of the molecular properties, where
the absorbance is proportional to the sample’s concentration, [C], its path length, [, and the
molar extinction coefficient, &, which is a sample dependent property that measures the extent
of light absorption at a particular wavelength.
A =log(%) = £[C]L Eq2.1
The concentration of a sample in solution is given in M (L'!), the extinction coefficient in
M-lem ! and the path length in cm which gives a unitless absorption. The spectrophotometer
measures the ratio between the initial input light intensity (Iy) and the absorbed or attenuated
light (I). In order to determine whether the light was absorbed by the sample or lost to other
light-matter interactions such as scattering, diffraction, refraction and reflection, a background
scan is taken of the solvent in which the sample is dissolved.! This accounts for the refractive
index and any additional interactions that could occur in the measurement medium. Absorption

spectroscopy also provides qualitative information about the sample such as sample
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degradation, as well as the interaction between the material and its environment, as charge
transfer species are sensitive to the nature of the solvent.?

The absorption measurements done in this thesis were carried out with a Agilent model
8453 spectrophotometer with deuterium-discharge and tungsten lamps, providing light in the
range 200 — 1100 nm (UV to near infrared region). Lenses focus the light onto the sample, and
again to collimate the transmitted light through the slit to the grating for detection by the diode
array (Figure 2.1). The concave holographic grating is responsible for dispersion and spectral
imaging and the photodiode array has a wavelength range from 190 to 1100 nm in order to
capture the full UV-Vis absorption spectrum. The sample solution (and solvent) is held in a

quartz cuvette manufactured by Starna cells, with a path length of 1cm x 0.4cm.

| Shutter/stray
| light filter
Cuvette | S G Tungsten
Spectrograph lens T @ ¢ - —

N i Deuterium

Slit '

Grating Q' —— E ':s\\ Source lens
! Photo diode

array

Figure 2.1. Diagram of the Agilent 8453 UV-Vis spectrophotometer scheme (Agilent 8453 UV-
Visible Spectroscopy System Service Manual).

The second steady state absorption method that was used in this dissertation is fluorescence
spectroscopy. The fluorescence is the process where a molecule in an excited state loses
absorbed energy and relaxes to the lower energy vibrational levels of the ground state, resulting
in the emission of photons. The re-emitted photons are of a longer energy (therefore longer
wavelength) than the excitation photon due to energy loss to vibrational modes. Steady state

fluorescence (or emission) measurements provide information about the quantum efficiency of
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the material, that is the ratio of photons emitted to photons absorbed. As there are competing

relaxation or energy radiation mechanisms in addition to fluorescence, knowing the quantum

efficiency gives an idea of whether mostly emissive or non-emissive processes are taking

place.> A material’s quantum efficiency is measured by its quantum yield, ® and the
fluorescence intensity, If;, in terms of quantum yield is given by:

=1y ®-1-€-[C] Eq.2.2

The fluorescence quantum yield can be determined by a method developed by Williams

et al® now commonly referred to as the Williams comparative method. In this method, a

standard with an already known quantum yield with similar steady state properties to the

sample under study is used for comparison. The quantum yield can be calculated with the

following equation:

_ Grady nxz
cDx — L

Eq.2.3

St Gradgeq sea?’
where the suffix std refers to the standard and x to the sample, 1 are the refractive indices and
Grad are the slopes of linear plots of the integrated area of fluorescence against concentration.
In the quantum yield experiment, solutions of the sample and standard are prepared at
decreasing concentrations and the emission of each sample is measured with a fluorimeter. It
is these emission areas that are integrated to obtain the plots of fluorescence vs concentration.
In order not to saturate the fluorimeter, optical densities of the sample are kept at 0.1 and below
(low concentration).

The fluorescence spectra measurements in this dissertation were carried out with Spex
Fluoromax-2 and Spex-Fluoromax 4 spectrofluoremeters by Horiba. In both systems, the
excitation source is a xenon lamp which produces light from the 190 — 2000 nm range. An

excitation spectrometer after the excitation source has a diffraction grating allowing for
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selective single wavelength excitation and has adjustable excitation slits to select the intensity
of light excitation on the investigated material. The sample is placed after this spectrometer in
a Starna Cell quartz cuvette and the emission is collected with a photomultiplier tube (PMT)
positioned at a 900 angle to the excitation source. Gratings on the emission spectrometer before
the signal detection at the PMT are used to choose specific emission wavelengths to be
monitored which is useful for efficient wavelength collection. A photon counting amplifier
amplifies the signal and sends it to a computer to be recorded. The spectrum of emission
intensity is given as a function of wavelength. This process is carried out for both the sample
and standard at at least three concentrations and the emission spectra are integrated to calculate

the sample quantum yield.

|
Light Beam Splitter
K Excitation Sample
| Spectrometer /' mampre
Source .
Emission
Spectrometer
Reference
Photodiode
Signal Photon
Detector ] Counting
(PMT) Amplifier

SIMPLIFIED BLOCK DIAGRAM

Figure 2.2. Block diagram schematic of the Spex Fluoromax-2 Spectrofluoremeter (Horiba
Scientific FluoroMax-2 with DataMax Manual).

According to Kasha’s rule, which has been applied to fluorescence spectroscopy, for
most organic molecules, fluorescence will only occur from the lowest lying excited state

irrespective of the electronic state the molecule has been excited to.” This is a result of the fast
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internal conversion relaxation from higher-lying excited states. As such, even though the
absorption mechanisms may differ for two-photon and one-photon absorption, the excitation
results in the emission of fluorescence photons with the same fluorescence quantum yield that
would be obtained with one-photon absorption. Additionally, Vavilov’s rule states that the
quantum yield of photoluminescence is generally independent of the excitation wavelength.®
Thus, quantum yields measured with one-photon excitation are used for calculations with two-

photon excitation in this work.

2.3 Classical Two-Photon Absorption

As discussed thoroughly in Chapter 1 Section 1.2, two-photon absorption (TPA) is the
process whereby a molecule is excited from its ground state to a higher energy level excited
state by the sequential absorption of two photons with energy the sum of the excitation. For
instance, two photons of 800nm each are simultaneously absorbed by the material resulting in
a 400nm absorption. The relaxation process from this two-photon excited state is similar to
that from a single photon absorption as the emission occurs from the lowest lying excited state,
therefore two-photon excited fluorescence is commonly used for TPA measurements.’

TPA cross-sections given in GM (Goeppert-Mayer) can be measured by two-photon
excited fluorescence (TPEF) which entails measuring the fluorescence emission resulting from
the TPA process. This experimental method takes advantage of the square intensity-
dependence of TPA. In conducting TPEF measurements, the laser intensity is adjusted, and the
subsequent fluorescence is measured. Due to the squared intensity dependence of the TPA rate,

a log-log plot of log fluorescence intensity against log laser power intensity leads to a linear
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plot with a slope of 2 and easily determines whether a material is TPA active or not. From this

experiment, the TPA cross-section can be calculated using the following expression:

F(t) = 2n5[C] (P Eq. 2.4
F(t) is the emitted TPEF photons collected per second, 7 is the refractive index of the solvent,
6 is the TPA cross-section, [C] is the molecule’s concentration, @ is the sample’s fluorescence
quantum yield, g,is the shape factor of the pulsed laser, f is the laser frequency, A is the
excitation wavelength, t is the pulse duration, ¢ is the collection efficiency and P(t) is the
input intensity. The experiment is first conducted with a standard dye in order to calculate the

relative TPA cross-section of the sample and this allows for the laser parameters to be removed
from Eq. 2.4. The log of Eq. 2.4 is given as:

log[F (t)] = 2log[(P(t))] + log |3 n6[C]CD%<p], Eq.2.5
which is now in the linear form y = mx + b and the argument of the 3™ log term is the y-
intercept, b, of the linear log-log plot. Since the standard (std) with known TPA cross-section
is compared to the sample (x) both experiments utilize the same input power, i.e.

2log[(P(t))]x = 2log[(P(t))]sta; Eq. 2.6

The following equality can be obtained for the fluorescence intensities and y-intercepts of the
sample and the standard:
log[F (t)] — by = log[F ()]sta — bsta, Eq 2.7
Eq. 2.7 can be further simplified to obtain an exponential relationship that considers both
sample and standard:

[F()]x b.—b
—2x — 10Ux—bsta) Eq. 2.
[F(Olsta q.2.8
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If the log of the input power is zero, F(t) is equal to b and it can be substituted into Eq. 2.8 to

obtain an expression for calculating the classical cross-section (Eq. 2.11)

1 g
[31x6x[CxlPar iz

= 10(x=Dsta) Eq.2.9
Enstdastd[cstd]cbstd%‘l’] 0 q
[Mx0x[Cx] Px] b.—b
= 10bx~bsta) Eq. 2.10
[(MstadstalCseal Pstal 0 4
8, = 10®xDsta) NstdSstalCstd] Psta Eq.2.11

Nx[Cx] P
In equation 2.11, the TPA cross-section of the sample can be calculated with all the known
variables for the sample and the standard, the refractive indices, 1, concentrations [C],
fluorescence quantum yields, @, the cross-section of the standard, &4 and the y-intercept

obtained from the linear log (power) vs log (counts).
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Figure 2.3 Schematic of TPEF setup for classical TPA measurements.
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The TPEF setup (Fig. 2.3) uses a mode-locked Ti:Sapphire laser (Spectra-Physics Millenia)
with 100fs pulses and a repetition rate of 80MHz. The laser is tuned to 800nm and focused on
dilute solutions of the sample. Samples are placed in Starna Cells quartz cuvettes with a lcm
path length. A power dependence scan is performed by using a circular neutral density filter to
adjust input power. A beam splitter after the neutral density filter reflects a percentage of the
beam onto a photodiode which is connected to a multimeter for power reference measurements.
The transmitted beam is focused onto the sample with a collimating lens and the resultant
fluorescence collected perpendicular to the incident beam using a Hamamatsu photomultiplier
tube and photocounting unit. The photocounting unit is set to the maximum emission
wavelength of the sample by a Newport Oriel Cornerstone monochromator. The log of the
emission intensity vs the log of the input power provides a linear plot with a slope of 2. Factors
such as beam alignment and laser stability may affect the slope but, in most cases, the slope

lies between 1.8 and 2.

2.4 Entangled Two-Photon Absorption

Entangled two-photon absorption (ETPA) was discussed in detail in Chapter 1 and was a
major part of works in this dissertation. The linear dependence of ETPA was utilized in
measuring the ETPA cross-section of different organic molecules. As ETPA employs low light
intensities, ETPA measurements require precise alignment in order to detect ETPA signals and
distinguish them from noise or other scattering mechanisms. In this dissertation, ETPA is
measured via two methods, transmission and fluorescence. The fluorescence method will be
explained more comprehensively in chapter 4. The total TPA absorption rate of a substance is

given by:!°
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Rrpa = 0. + 6,.¢> Eq. 2.12

where g, is the ETPA cross-section, &, is the classical or random TPA cross-section and

¢ is the input photon flux. At lower flux values, the ETPA term which is the linear term

dominates. Therefore, by staying in the low photon flux regime, the ETPA rate can be

measured by transmission through the sample, measuring the absorbed photon rate as a
function of the input flux.

As there is a linear dependence of the ETPA rate on the input flux, the cross-section can

be calculated from the linear absorption relation as follows:

N A[CIL
Loyt = lin X exp (— 01#) Eq.2.13

where I;,, and I,,,; are the input and output flux respectively, N, is Avogadro’s number, [C] is
the sample molar concentration and L is the path length in cm. The value [;;, is the photon
count rate through the solvent alone as this constitutes a background or blank reading of the
intensity through the sample. 1, is the count rate through the sample dissolved in solvent. If
the absorption is small, an approximation can be made and the absorption rate, 4, can be

calculated as:

geNalClL

A= Iin - Iout = Iin X s Eq 2.14
From Eq. 2.14, the ETPA cross-section is then:
A 1000
O, = E = NACIL' Eq 2.15

In this equation, A/I;, is the relative absorption rate which is the slope of the linear fit of the
absorption rate as a function of the input flux. Thus, the unit of ETPA cross-section is
cm?/molecule. This method of measuring ETPA cross-section was first used by Dong-Ik Lee!!

and later used in multiple studies.!>!>
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In our ETPA setup, entangled photons are generated using a mode-locked Ti:Sapphire laser
with 100fs pulses at 80MHz repetition rate and a 12nm FWHM centered at 800nm. A Imm
thick B-Barium Borate (BBO) crystal is used for second harmonic generation (SHG) to produce
a beam of 400nm. This beam is then focused onto a 0.5mm BBO crystal that is specifically
designed for Type-II spontaneous parametric downconversion (SPDC). The phase-matching
conditions for this SPDC are frequency degenerate, therefore entangled photon pairs of 800nm
are generated from the 400nm pump (w1 = w2 = wp/2). The input flux is altered using a variable
neutral density filter with a photodetector as a reference for the input power. The entangled
photon beam is focused on the Imm x 1mm quartz cuvette with a collimating lens and the
transmitted beam focused on for detection on a silicon avalanche photodiode (APD) single-
photon counting module (Perkin-Elmer SPCM-AQR-13). A CCD camera is used to image

SPDC spatial arrangement.

|

—l——1—

U SPDC Generation

Photodetector

Ti:Sapphire 800nm
I 1\
. -:j‘ b —=
Avalanche ] Sample | ‘
Photodiode Fluores.cence.
Collection Unit Filter set 80 Crystal

Variable Filter

iCCD Camera

Figure 2.4 ETPA setup diagram. 800nm pulsed laser pumps a nonlinear crystal for second
harmonic generation, creating 400nm pump for SPDC process. The downconverted photons
are filtered and use the upper path of the collection system for transmission through the sample
for ETPA measurements. Lower path is used for fluorescence measurements.
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For this dissertation work, the transmission pathway was not in place at the start of the project.
Therefore, it had to be re-incorporated into the system. The collimating lenses, cuvette holder
and APD had to be aligned for transmission. The APD’s photon detection efficiency at 800nm
is 60% and at 400nm it is 7%. The low efficiency at 400nm aids in ensuring the detected signal
is not spurious 400nm light that may not have been cut off by the dichroic mirror or interference
filter. The dark count rate from the APD is ~300 photons/s. This accounts for any scattered
light that may enter the collection compartment or spurious 400nm light. The active area of the
detector is ~175 um therefore precise focusing onto this spot is necessary. This is enabled by
placing the detector on an Ultralign Precision XYZ linear stage and moving the stage as the
photon counts are being measured.

Multiple transmission scans were taken with solvent to determine experimental noise and
measurement errors. The neutral density filter was checked for thermal lensing and a linear
neutral density filter from Thorlabs was decided as the best filter to remove thermal lensing
issues. The residuals of solvent scans were kept low and random by aligning the APDs at
specific points where residuals seemed systematic. The average raw counts to the APD are
3x10° photons/s to 8x10° photons/s. An instrument correction factor must be applied to the raw
APD counts to determine the input flux rate for the absorption measurements. This correction
is calculated using a method that was provided by Perkin Elmer in the counter datasheet and
takes into consideration the module dead time. Additionally, there is a deviation from linearity
that can be caused from saturation effects and this is also taken into consideration. Therefore

the input flux rate is calculated as:
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(Output Module Count Rate xCorrection Factor)—Dark count

Corrected Rate = , Eq.2.16

Photon Detection Ef ficiency
where the correction factor has the APD deadtime, t; and the module count rate, Cr, and can be given

as,

. 1
Correction Factor = T axCa)" Eq. 2.17

The APD deadtime can be adjusted between 40 and 60ns and is chosen to be 55ns. Corrected photon
count rate usually adjust the raw counts by a factor of ~1.8.

For ETPA measurements, a scan is taken with solvent to serve as the input flux measurement.
Another solvent scan is performed to compare to the previous to determine the “background”
measurement and confirm there is no extra scattering through the solvent. The change from solvent
scan to solvent scan is on the order of ~0.02% of the input photon intensity. The solvent is carefully
pipetted out of the cuvette and replaced with the sample in order to maintain the same alignment
conditions. The slopes of the solvent and sample scans are different and are subtracted from each other
to obtain the linear absorption rate. This is then used to calculate the ETPA cross-section according to

equation 2.15.

2.5 Ultrafast Transient Absorption Spectroscopy

Ultrafast transient absorption is a powerful spectroscopic method that provides time-
resolved measurements of the excited state dynamics of a system.!®!” Unlike other
spectroscopic methods that have been discussed, transient absorption spectroscopy (TAS) is
able to probe dark (non-fluorescent) states. TAS is a pump-probe experiment.!®!° A
monochromatic pump beam excites the system under study and a white light probe beam
measures the dynamics of the molecule in its excited state. The probe is delayed in time with
respect to the pump in order to obtain time-resolved data. The probe measures the change in

absorption of the system in its excited state compared to the initial absorption. This differential
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absorption, AA, is the excited state absorption minus the ground state absorption.!” AA is given
as a function of wavelengths therefore shown as a spectrum. As such, transient data contains
information pertaining to A4, wavelength and time.

Fast laser pulses allow for the characterization of the ultrafast processes that occur in
molecules, usually in the femtosecond to picosecond range.?® The pump beam excites the
sample from the ground state, So, to an excited state, S1. The probe which is delayed relative to
the pump, further excites the sample from the S; state to higher excited states, S. Different
signals can be detected via TAS and are observed as either positive or negative A4 bands. A
negative AA signal results from either a ground-state bleach (GSB) or stimulated emission
(SE). The GSB occurs when there is strong steady state absorption and can be identified by
comparing to the steady state absorption spectrum. SE occurs in the regions of the sample’s
fluorescence emission wavelengths and occurs for optically allowed transitions. A positive AA
signal is due to excited state absorption (ESA) and is the result of optically allowed transitions
from an excited state to higher excited states. Positive A4 signals can also be due to reactions
in the excited state, indicative of energy transfer reactions different species such as charge-
separated, isomerized or triplet states.!®!” These signals are commonly shifted relative to
signals observed in the steady state absorption spectrum. The signals and their lifetimes aid in
providing an understanding of the dynamic processes occurring in the sample.

In the ultrafast femtosecond transient absorption system, an amplified laser (Spectra
Physics Spitfire) with pulse duration of ~100 fs, repetition rate of 1 kHz, and power of 800
mW is directed at a beam splitter to generate the pump (85%) and the probe beams (15%). The
pump beam (~66 mJ per pulse) is generated from the second harmonic of the amplifier’s output

(~800 nm) using a BBO crystal and is focused onto the sample cell (/ = 1 mm). The probe
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beam is passed through a computer—controlled delay line and focused onto a 2 mm sapphire
plate to generate the white light continuum (Helios by Ultrafast Systems Inc.). The white light
is focused onto the sample and overlapped with the pump beam. The absorption difference
(AA) of the signal is collected by a CCD detector (Ocean Optics). Data acquisition is performed
with the software Helios by Ultrafast Systems Inc. The IRF is measured by the Raman

scattering of water at 466 nm and is found to be 110 fs.
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Figure 2.5. Transient absorption experimental setup.
2.6 Quantum Chemical Calculations
Density functional theory calculations were performed to determine the electronic structure
and excitation properties of the compounds. To make the calculations easier to compute, the
heavy side groups of compounds were replaced with methyl groups. These slight modifications

were done to save computational time but had no significant effect on the electronic properties
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of the compounds. Geometry optimizations and Time Dependent-Density Functional Theory
(TD-DFT) calculations to obtain molecular orbitals, transition dipole moments, energy levels
and two-photon cross-sections were carried out using the General Atomic and Molecular
Electronic Structure Systems (GAMESS) program. Calculations were done with a B3LYP
functional and 6-31G (D) basis set.

The geometries of the ground state (So) were optimized with the aforementioned basis set
in order to perform further calculations. For one-photon absorption (OPA) oscillator strengths
and two-photon absorption (TPA) cross-section computations, GAMESS utilized linear and
quadratic response theory. These were done with chloroform as a solvent using the polarizable
continuum model (PCM). The transition dipole moments from ground state to excited state

and between excited states were obtained. The OPA oscillator strengths or transition
s : . 2
probabilities from ground state to excited state were given by?!, fops = %za|(0|ua| NI?

where wy is the excitation energy and u, is the dipole moment operator for which a is a
Cartesian coordinate. TPA calculations were done assuming a source with linearly polarized
light. To compute cross-sections, two-photon transition matrix elements were calculated using
transition dipole moments and excitation energies. The two-photon transition matrix elements

are:?!

“r _Yr

S z (0|ua|n>(n|#ﬁ|f)+(0|M/;|n)(n|lia|f)
- n wWp — 2 Wy 2

where n is an intermediate state between the ground state and final state, f. These elements are
used to compute the TPA transition moment, §774 = ¥4 [SO,,IS[}k g+ 25'“3523]. This is then

used to compute the two-photon cross-section.?!
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Chapter 3
Entangled Two-Photon Absorption & Fluorescence in Thienoacene Molecules

This chapter was published as the following document
Eshun, A.; Cai, Z.; Awies, M.; Yu, L.; Goodson III, T. “Investigations of
Thienoacene Molecules for Classical and Entangled Two-Photon Absorption” J.

Phys. Chem. A 2018, 122, 8167-8182.

3.1. Abstract
Investigations of the optical effects in thienoacene chromophores with different central

atoms were carried out. These chromophores provide a basis for the comparison of the linear,
two photon, and entangled two photon properties in organic molecules with varying degree of
dipolar or quadrupolar character. Linear absorption and emission as well as time-dependent
density functional theory calculations were carried out for the chromophores
investigated. Measurements of the classical two photon absorption entangled two photon
absorption (ETPA) as well as entangled two photon fluorescence were experimentally carried
out for the four chromophores. Electronic structure calculations were utilized in order to
provide estimates of the classical two photon absorption coefficients. The results of the
measured entangled two photon cross-sections were compared with theoretical estimates for
the molecules investigated. It is found that the dipole (transition or permanent) pathway can
have an effect on the trends in the entangled photon absorption process in dipolar organic
chromophores. This study helps predict the properties of the entangled two photon effect in

chromophores with different dipolar and quadrupolar character.
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3.2. Introduction
The use of organic materials for the purposes of nonlinear optical (NLO) applications has

enjoyed broad interest over more than fifty years.!”> These applications with organic NLO
effects include the possibility of optical communications, frequency doubling and tripling
effects, as well as photorefractive effects.® Research in this area focused previously on the
details of the correlation of the electronic nonlinearities in the polarization with the molecular
structure.”!® Through a rigorous degree of investigations, many in the field of organic NLO
believe the basic structural characteristics in organic molecules which give rise to large NLO
effects in has been established.!!~!3 There is still great interest in providing new materials for
NLO (and electro optical) effects in the far infra-red (off resonance) wavelengths which would
make these materials great candidates for optical communications applications. An interesting
development in the last decade has been the possibility of utilizing these organic materials with
strong NLO effects for the purpose of demonstrating quantum optical effects. In particular,
there has been new interest in organic materials to demonstrate NLO effects that are
particularly sensitive to the use of entangled photons.!*!> This suggests the interesting
possibility of a new set of selection rules (structure-function relationships) for organic
molecules which show NLO effects but are respondent to a pathway involving the interaction
with entangled photons.

The study of quantum entanglement is now a fairly broad area of research involving its use
in cryptography, spin polarized memory, as well as possible long lived coherences in natural
biological light harvesting systems.!*2* However, under the context of this investigation it
involves the use of quantum entangled photons to probe electronic states in organic molecules.
In general, the two entangled photons that are generated by the process of spontaneous

parametric downconversion share a coupled eigenstate where the properties of each of the
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photons cannot be isolated separately.?! The connection between the NLO effects mentioned
above and entangled photons is the possibility of using these entangled photons to do NLO
spectroscopy at very small intensities.!>?%2 One such example is the process of two photon
absorption in organic molecules.?* In the case of the general (classical) two-photon absorption
effects one observes an increase in the absorption rate with an increase in the input intensity.
This is a third order NLO effect. Molecules possessing this property have a nonzero third order
molecular polarizability (y). The molecular dipole polarization can be expressed as
contributions of the molecular linear and nonlinear optical responses to an external electric
field, E.»

Generally, values of y are known to depend on extended n-conjugation.?> However, Marder
et al.?6 found that it also has a strong dependence on other molecular parameters such as the
charge transfer and bond order alternation. The charge transfer excited state gives a significant
contribution to v as it is dependent on bond order alteration (BOA) which is in turn tuned by
donor-acceptor (D-A) moieties.?’” Charge resonance of D-A molecules causes them to be in
either a neutral or charge separated form. The mixing of the resonance forms determine the
BOA, which is the difference between the average pi bond orders of the same sets of bonds.?®
The imaginary part of y can be measured by two-photon absorption experiments. The two-

photon cross-section (8 ) can be obtained using second-order perturbation theory and is given

by:?
B
Sr =h2—8%w56(£f—8g — 2w,) Eq. 3.1
1 1 2
(0oteg—ce)—ire)2 Mee).eMge. e + —(wo_i’cg/z) My, . elgg.€ + —(—wo—ike,/z)‘ue'e" eMgy,,.e

where w, is the central frequency, e is the polarization, ¢,, €, and &, are the energy
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eigenvalues of the ground, intermediate and excited states. u; and M;; denote the permanent
dipole and transition dipole matrix elements respectively and k; are the state linewidths. One
observes that the third order molecular polarizability and the two photon cross-section depend
on the transition moments between final and ground states as well as the damping terms related
to the linewidth.

There have been different approaches employed toward achieving enhancements in
8g values.’%3! One such design strategy is to create dipolar dyes with donor or acceptor groups
linked by a m-conjugated bridge*?** because the n-conjugation provides a pathway for charge
transfer while the donor and acceptor units provide ground state charge asymmetry.** Further
research established that centrosymmetric chromophores also exhibited high TPA cross-
sections due to the effective electronic delocalization.’ Specific functional groups can be
attached to ladder-type molecules®® to form D-A type-molecules and these structural alterations
have been shown to have enhancing effects on the TPA cross-section.” This improvement is
suggested to emerge from the better coupling between the donor-acceptor junctions, that is a
result of the now higher transition dipole moments. Furthermore, it is interesting to look at the
effect of changing atoms within the heteroacene chain to integrate these adjustments in
transition dipole moment.’® Therefore, changing the central atoms on these ladder-type
molecules may result in significant effects on their electronic properties and charge transfer
character.

These important lessons have been learned for the case of the “classical” two photon
absorption cross-section. There have been investigations of entangled two photon absorption
processes in organic molecules where the strong temporal and spatial correlations of the

entangled photon pair lead to the simultaneous absorption of the two photons. We have
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previously successfully demonstrated ETPA and have attained the linear variation of ETPA

rate at different input intensities with different molecular systems>*#3

and these findings have
been essential in leading researchers towards photochemistry and photoluminescence
applications that can be carried out on sensitive biological and organic samples using non-
damaging low input flux levels. However, the interesting question as to whether the structure-
function relationships obtained for the classical two-photon absorption cross-sections, or, are
the same for the entangled two-photon absorption cross-sections, o, remains. The contribution
of virtual state excitations in the case of entangled two photon absorption has been theoretically
predicted to be different from that of the classical situation and this may play a role in looking
at the structure-function relationships in these systems. In this paper, a series of ladder-type
thienoacene molecules are characterized using both classical and entangled two-photon
spectroscopic techniques. The molecule structures are established from a set of benzo[1,2-
b:4,5-b']dithiophene (BDT) units, fused together to form a 9-Ringed compound (9R). From
knowledge that making atomic modifications to the heteroacene chain can be employed to
change the photophysical properties of the material, the 9R compound was subsequently used
as the principle structure for three derivatives, 9R-N, 9R-S and 9R-Se (structures shown in
Figure 3.1). Investigations of the linear and nonlinear properties were carried out to
characterize the impact of changing the central atom in the ladder which changes the

quadrupolar and dipolar character in these molecules. Calculations of the classical TPA effect

as well as the ETPA effect are compared with experiment.
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9R-N

Figure 3.1. Molecular structures of benzodithiophene derivatives (9R, IR-N, 9IR-S, IR-Se).

3.3. Materials

Synthesis and Characterization of Molecules Investigated

Benzodithiophene (BDT) donor groups were prepared as previously reported, using short
oligomer precursors which were coupled to thiophene groups containing triisopropylsilyl
(TIPS) end capping groups.’®*” An intramolecular electrophilic reaction was used to form
aromatic C-S bonds for cyclization of the ladder-type donor units and 9R. 5,6-difluoro-2-(2-
ethylhexy)-benzo-1,2,3-triazole, 5,6-difluoro-2,1,3-benzothiathiadiazole and 5,6-difluoro-
2,1,3-benzoselenadiazole were used to synthesize the acceptor starting material with boron
groups attached for reaction with BDT donors.* A palladium-mediated Stille coupling method
was employed to prepare a precursor of the acceptor and BDT units in a 4:5 ratio. These were
cyclized to form 9R-N, 9R-S and 9R-Se. All of the molecules prepared were characterized by

NMR and MALDI-TOF mass spectrometry.
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3.4. Results

3.4.1. Steady State Absorption
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Figure 3.2. (a) Absorption spectra of all four benzothiophene molecules in dilute
chloroform solution (b) 9R an 9R-N (c) 9R-S and 9R-Se*’**

Steady state measurements for the compounds were taken in chloroform (CHCIls)
solutions and are depicted in Figure 3.2 (a, b and c). The molar extinction coefficients (g)

of the compounds were on the order of 10* M-! ¢cm™ (Table 3.1). All of the investigated
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molecules absorb in the 300-400nm range with narrow transition peaks in this region.
These vibronic features are independent of added substituent suggesting that the excitations
in this region are localized on the 9-ringed frame. These features have been observed in

similar acene-type molecules.364>47

The absorption spectra in a study of annulene
derivatives contained similar vibrational progressions, where the rigid molecules showed
absorption peaks that were present as a result of exciton and vibronic coupling to some
fundamental excitation. These were attributed to a fundamental T—>7* transition.*® As the
different substituent atoms were added, a shoulder peak in the absorption was seen that was
not observed in the absorption for the parent 9R molecule. Specifically, a red shift in the
absorption shoulder peak was observed as the size of the substituted atom was increased
(9R-Se>9R-S>9R-N). It is suggested that the substituted atoms behaved as acceptors,
forming Donor-Acceptor-Donor (D-A-D) structures. As such, the absorption behavior of
the red-shifted shoulder peaks is consistent with absorption due to intramolecular charge
transfer.*” 9R has a Amax at 430nm compared to the shifted Amax of 9R-N at 450nm. 9R-S
and 9R-Se showed a much greater shift and a pronounced broadening on the red side of
the spectra. Cao et al.’® observed such red shifts in a donor-acceptor polymer by

incorporating selenium in place of sulfur.

Table 3.1. Steady state spectral properties of benzothiophene molecules

Dabs Aem e(M"'cm™)
9R 430 460 55950
9R-N 450 490 58500
9R-S 490 610 33650
9R-Se 515 655 21250
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The calculated excitation energies and corresponding oscillator strengths are shown
in Table 3.2. For 9R, the first excitation energy of 2.85 eV was close to the experimental
value and had a high oscillator strength of 1.246 which translates well to the high intensity
peak seen in the absorption spectrum. The second and fourth excitations had oscillator
strengths of almost zero, which suggests that the absorption of the molecule is confined to
particular transitions. The narrow intense transition peaks with zero oscillator strengths
may be dipole forbidden but may gain intensity as a result of vibronic and exciton coupling
with other vibrational modes.*® The excitation energies calculated for 9R-N were also in
fair agreement with the transitions in the experimentally obtained spectrum. The large
oscillator strength of the lowest energy transition accounts for the high intensity seen for
this peak. The subsequent transitions had comparatively lower oscillator strengths which
justify the distribution of intensity seen for the higher energy region of the spectrum. The
trend in oscillator strengths was similar for 9R-S and 9R-Se and they indicate that there is
an appreciable amount of absorption in the lower energy charge transfer bands with

absorption distributed throughout the higher energy peaks.
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Figure 3.3. Comparison of calculated vs experimental transition energies for (a) 9R and
9R-N and (b) 9R-S and 9R-Se.
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Figure 3.3 shows experimental transition energies plotted against the energies

calculated by TD-DFT methods. The graph on the left (Figure 3.3a) has energies for 9R

and 9R-N and that on the right (Figure 3.3b) has those for 9R-S and 9R-Se. Transitions for

the two molecules with the heavier atoms begin at lower energies. The linear relationships

exhibit that overall there is good agreement between calculated and experimental values.

TD-DFT is known to be accurate for computing excitations from the ground state for large

molecular systems.*® As can be seen from the graph, all key spectral features of the

absorption are predicted as well as the corresponding oscillator strengths. It appears that

for these calculations the general electronic properties of the molecule are taken into

consideration by this theoretical method. This gives rise to the good prediction of spectral

shifts from one acene molecule to another.

Table 3.2. Excitation energies, wavelengths and transition dipole moments calculated for
the singlet states of the benzothiophene molecules

Compound | State | Energy (eV) | Aipa Transition Dipole | Oscillator | Azpa (nm) orra (GM)
(nm) Moment, Mg, Strength, f
9R Sy 2.853 434 10.72877 1.2456 868 0.000175
Sz 3.264 380 0.114117 0.0002 760 45.7
IR-N Sy 2.698 460 10.74194 1.1809 920 0.425
Sz 3.084 402 3.827594 0.1714 804 38.8
9R-S Sy 2274 545 8.3313 0.5986 1090 1.36
Sz 2.681 463 3.718332 0.0961 926 36.6
9R-Se Sy 2.140 579 7.830609 0.4977 1150 1.47
Sz 2.565 483 3.680208 0.0910 966 36.1
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The lower energy excitations seen for the substituted molecules may be indicative
of a decrease in the optical energy band gap (HOMO-LUMO gap) because the
donor/acceptor relationship affects the HOMO and LUMO energy levels. Therefore,
electronic structure DFT calculations were carried out. These calculations verified that
there was a narrowing of the HOMO-LUMO gap as predicted from the absorption spectra.
Figure 3.4 visually represents the HOMO-LUMO levels and the band gaps of the
chromophores calculated using TD-DFT. There was a decrease in energy band gap of 0.65
eV and 0.52 eV relative to the parent structure with the incorporation of selenium and

sulfur respectively, compared to a smaller decrease of 0.14 eV with the nitrogen

substitution.
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Figure 3.4. Measured energy levels of the HOMO and LUMO energy levels and band gaps
of the benzodithiophene molecules calculated using TD-DF'T.

To further understand the HOMO-LUMO energy levels and the possibility of
charge transfer, the frontier orbitals of these molecules were analyzed using their ground
state optimized geometry. The molecular orbitals are shown in Figure 3.5. The HOMOs

of all four molecules were fairly delocalized along the entire molecular backbone. The
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LUMOs of 9R and 9R-N also showed delocalization along the molecule. Although the
LUMO of 9R-N was mainly delocalized along the molecule, it showed a higher density
around the substituted nitrogen than was observed in the HOMO. This suggests small
charge transfer towards the nitrogen substituent. For 9R-S and 9R-Se the LUMOs were
much more localized. In the LUMO of 9R-S and 9R-Se, there was clearly visible charge

transfer from the donor ends towards the central sulfur and selenium acceptors.

HOMO LUMO
9R-N
9R-S
9R-Se

Figure 3.5. Contour plots of molecular orbitals for all benzodithiophene molecules.
3.4.2. Steady State Emission
Steady-state emission of the compounds was also measured and is shown in Figure
3.6. There is a distinct difference in emission between the parent structure and the

substituted derivatives which is believed to result from the electronic effects of the
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substituents on the benzothiophene frame. 9R had a narrow emission band at 460nm with
small shoulder peaks at 493nm and 530nm. The vibrational progressions of the absorption
of 9R were clearly reflected in its emission. In organic n-conjugated molecules with a rigid
backbone such as oligoacenes and polyphenylene ladder-type oligomers, these well-
resolved vibronic progressions are seen in the emission spectrum due to coupling between
electronic and vibrational degrees of freedom.’! The coupling results in structural
distortions upon excitation, which affect the potential energy surfaces of the excited state
relative to the ground state of the molecule, leading to pronounced spectral peaks.>?
However, molecules that are less planar and have more degrees of freedom, are prone to
exhibit a lack of the mirror-image behavior from absorption to emission, and instead show

homogenous broadening.>?

This is the case with the substituted benzodithiophene
derivatives, which had single broadened emission peaks with Agm centered at 490nm,
610nm and 655nm for 9R-N, 9R-S and 9R-Se respectively. As opposed to in 9R, the
substituted compounds most likely have different structural configurations and geometries
in the excited state and ground state. This is known to occur for quadrupolar molecules
with charge transfer, where there is a more pronounced difference in geometry and charge
displacement of the excited state than in non-quadrupolar or dipolar molecules.> These
conformational changes between the different states may lead to the broad spectra
observed. There may also be possible twists caused by the bonds to the substituted atoms,

and these are not present in the parent structure. The same shift seen in absorption (Figure

3.2) was seen with emission.
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Figure 3.6. Emission spectra of the benzothiophene molecules in dilute chloroform
solution.

The fluorescence quantum yield (@) of the investigated molecules was calculated to
be 0.21,0.77, 0.65 and 0.038 for 9R, 9R-N, 9R-S and 9R-Se respectively (Table 3.3). This
shows that the molecular substitutions have a significant effect on the emissive properties
of the molecule. The addition of selenium to the benzothiophene rings leads to a distinct
drop in quantum yield in contrast to the increase obtained by adding nitrogen and sulfur.
The small ®@ of 9R-Se can be explained by the heavy atom effect. There has been evidence
of heavy atoms activating non-radiative pathways, where the singlet-triplet transitions are
enhanced due to spin-orbit coupling. This has a detrimental impact on the emissive
properties of the molecule and can result in a lower quantum yield.>*>¢ A study of internal
heavy atom effects showed that a sulfur substituted benzoperylene derivative had a
quantum yield of 0.70 while a selenium derivative of the same compound had a much lower

quantum yield of 0.025%. In that work, the strength of the intra-annular internal heavy-
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atom effect (K) was measured as a function of the spin-orbit coupling constant of the
heteroatom and the Hiickel AO coefficients of the parent compound into which
substitutions were made. The selenium containing compound showed ten times stronger
intra-annular internal heavy atom than its sulfur counterpart. The observed decrease in
fluorescence was proportional to this increase in K. Although sulfur and selenium are both
considered heavy atoms, these results reported that the heavy-atom effect of selenium can

be much stronger than for sulfur.®’

3.4.3. Classical Two-Photon Excited Fluorescence
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Figure 3.7 (a) Intensity Dependence of two-photon excited fluorescence and (b)
two-photon emission spectra

Shown in Figure 3.7a is the measured two photon fluorescence for the ladder-type
molecules investigated. The results are summarized in Table 3. The slopes of ~2 signify a
two-photon excited emission. There were distinct differences in the intensity dependence
of each compound. The TPA cross-sections (0r) of the compounds were calculated from
the obtained intercepts of the intensity plots with respect to the reference compounds. The

two-photon excited fluorescence spectra are shown in Figure 3.7b. The 9R TPEF curve
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includes the same peaks seen with one photon excitations. However, the curve seems
broader towards the red region of the two-photon emission spectrum than for the emission
observed with one photon excitations. This effect is most likely a result of the high intensity
of this shoulder relative to the peak emission. TPEF curves of the substituted compounds
were fairly similar to one-photon emission. Irregular shoulder peaks were observed for
TPEF of 9R-Se. This is due to the low quantum yield of the molecule, leading to the
inability to obtain a smooth curve. It must be noted that the one-photon emission curves
shown were performed with an excitation wavelength of the maximum one-photon
absorption, while the two-photon excitation was 800nm. The different excitation
wavelengths may also contribute to any small differences in emission seen.

Table 3.3. Summary of optical properties of benzothiophene molecules
Compound  Quantum Yield (®;) = TPA Cross-Section (6r) (GM)

9R 21% 29.5
IR-N 77% 82.5
IR-S 66% 27.9
9R-Se 3.8% 9.01

The calculated cross-sections of the molecules at 800nm were 29.5, 82.5, 27.9 and 9.01
GM for 9R, 9R-N, 9R-S and 9R-Se respectively. The or value of 9R agrees with
previously studied benzodithiophene compounds.*® Benzodithiophene compounds with 11,
15 and 21 rings had or values of 64, 72 and 83 GM respectively. It was found that a
decrease in conjugation length of the molecule led to a decrease in TPA cross-section. This
was as a result of reduced effective conjugation and reduced intramolecular charge transfer
over the shorter molecular distance.?%>® Therefore the decrease in conjugation length from
11 to 9 rings led to the decrease in cross-section from 64 to 29.5 GM. The inclusion of

nitrogen caused an enhancement of 9R’s or to 82.5 GM for 9R-N. This suggests higher
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charge transfer character in the nitrogen substituted compound. The inclusion of sulfur and
selenium caused a decrease of 9R’s dr to 27.9 and 9.01 GM for 9R-S and 9R-Se. For
centrosymmetric chromophores, the main two-photon absorption peak does not correspond
to the maximum one-photon absorption peak.>® The main TPA peak coincides with a two-
photon allowed transition that is blue-shifted with respect to the one-photon absorption
spectrum. This was observed in our two-photon calculations for these molecules (Table
3.2). Due to this two-photon spectral shift, it is possible that the two-photon transitions
excited for 9R-S and 9R-Se were far from the two-photon absorption maxima.

D-A molecules have been extensively studied and expressions for y exhibit that it
depends on the change in dipole moment, transition dipole moment and the energies
between different excited states.® Therefore, it becomes important to look at how v is
affected for multipolar molecules. Specifically, we consider quadrupolar molecules. The
degree of ground state polarization of the molecule can be modulated by changing D-A
strength and properties, so it is necessary to investigate molecules of different polarity.
Quadrupolar-type molecules are usually centrosymmetric in contrast to asymmetric dipolar
molecules. This change in symmetry affects the charge transfer properties of the molecule
which subsequently affect the values of y. Marcano et al.%! found that y has a relation to the
ratio between antibonding and bonding orbitals in quadrupolar-type molecules which
resulted in y being up to 1.6 times higher in these compounds than in dipolar-type
compounds.®' Another study suggested that the alternation from donor to acceptor blocks
in multipolar molecules forms a quantum well structure. Quantum confinement of electrons
within these wells leads to an enhancement of y.? Since the behavior of y is roughly

periodic with respect to BOA, slight changes in BOA can have large effects on the value
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of y. It follows that the different donor-acceptor strength and molecular structure will affect
the polarity of the molecules and the resulting 6r values. This can be seen in our varying
cross-section results.

In the molecules studied here, substituted derivatives of 9R-S, 9R-N and 9R-Se can
be described as benzothiadiazole, benzotriazole and benzoselenadiazole units fused to
benzothiophene moieties. Consequently, these heteroatoms behave as fused acceptors in
the molecules under investigation. Benzothiadiazole and benzotriazole are often covalently
linked to electron donors as they are good electron withdrawing units.®*-%° This linkage is
commonly executed via a single, double or even triple bond. We recently showed that the
incorporation of fused acceptors into the conjugation system has benefits over bond
linkages. The fusion enhances the molecule’s NLO properties as it minimizes the
possibility of bond twisting and keeps the compound’s coplanar conformation.?” The lack
of a carbon-carbon double bond also eliminates the likelihood of cis-trans
photoisomerization which would impair the stability of the compound.®® The D-A-D motif
of our substituted compounds suggests they are quadrupolar-type molecules. These are
favorable as TPA materials because of their intrinsic intramolecular charge-transfer from
the periphery donors to the central acceptor upon excitation.®” The symmetrical charge
distribution between the center and the ends of the molecule have been highly correlated
to large two-photon cross-sections.®® Altering the acceptor strength from nitrogen to sulfur
to selenium can modulate the excited state properties of the molecules and affect v,
therefore affecting TPA cross section of the compound.

With regard to 9R-N, the electronegativity of the nitrogen atom, placed adjacent to

the n-system, causes inductive effects to occur.%® There is bond polarization as a result of
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the transmission of charge which increases its electron withdrawing character and makes
it a strong acceptor. This was viewed in the enhancement of or to 82.5 GM for 9R-N
compared to 6r of 9R. Similar results were reported in a study of TPA cross-sections of a
benzothiophenyl compound with furan (central oxygen) and thiophene (central sulfur)
interchanged as the central group.”® This arrangement for the furan-containing compound
can be viewed as a D-A-D type structure. It was documented that the difference in
electronegativity between the oxygen of the furan and the sulfur atoms in the thiophene
donor groups caused some photoinduced electron transfer. This resulted in a higher TPA
cross-section for the molecule with the furan acceptor than for that with the central
thiophene. This suggests that for 9R-N, the inclusion of the highly electronegative central
nitrogen to the nine ringed frame causes an enhancement in the effective conjugation and
hence, enhances the charge transfer character. It has already been discussed that resonance
forms of D-A-D molecules and the donor-acceptor strength are able to modulate the y
values of the molecule which influences two-photon absorbing effects. Previous studies
have also reported that nitrogen atoms used as linkers are able to extend n-conjugation due
to their sp>-hybridization.”! In the case of 9R-N, there is an interaction between the n-
electrons of the neighboring conjugated units and the unpaired electrons in the substituted
nitrogen atom, which enhances the overall effective conjugation in the molecule. This leads
to the much higher TPA cross-section calculated for 9R-N than for 9R.

Our experimental data showed that for the excitation examined, the sulfur
substituted compound and the parent structure had similar 6r values and therefore exhibited
similar two-photon effects. This cannot be attributed to quantum yield effects, since the

quantum yield of 9R-S and 9R were of the same magnitude. Therefore, the experimentally
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measured cross-sections of either compound was not significantly enhanced. Furthermore,
9R-S had a higher 6r than 9R-Se. This may be due to the greater charge transfer in the state
probed for the sulfur substituted compound compared to the selenium substituted
compound. A previous computational study by Zhang et al.”? looked at atomic substitutions
of sulfur and selenium in a molecule and the subsequent electron-withdrawing effects. It
was reported that the amount of intramolecular charge transfer for sets of monomers
decreased for selenium-based molecules compared to sulfur-based molecules.”” Due to the
large size of selenium compared to sulfur, the C>—Se bonds (1.886 A) were longer than
C>—S bonds (1.758 A) and this led to stronger electron withdrawing ability of the sulfur-
based molecules and higher calculated intramolecular charge transfer values. Similarly, our
optimized geometries show that the N—Se bonds (1.821 A) were longer than the N—S
bonds (1.654 A). This confirms that the longer selenium bond lengths may lead to the
decreased electron withdrawing ability of selenium-based compounds. Therefore, there
may be less charge transfer towards the selenium acceptor. This translates to the observed
lower Or for 9R-Se than 9R-S. The different bond lengths will also have an effect on BLA
which changes the y values and subsequent NLO properties. Thus, it follows that 9R-S
may have more intramolecular charge transfer and hence larger two-photon cross section
compared to 9R-Se.

To obtain a more detailed depiction of the two-photon absorption for all four
molecules, two-photon cross-sections for different transitions were calculated via TD-DFT
using the GAMESS package. By computing two-photon transition tensors based on
calculated energies and transition dipole moments, the two-photon cross-section is

estimated. For many symmetric chromophores, the lowest energy transition which is one-
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photon allowed is two-photon forbidden.>® This is reflected in the low two-photon cross
sections for the S; states of all four molecules (Table 3.2). Since an 800nm wavelength was
used to determine TPA cross-section experimentally, it is important to consider the near
800nm theoretically obtained values. For these excitations, the computed cross-sections of
9R, 9R-N, 9R-S and 9R-Se were 45.7GM, 38.8GM, 1.33GM and 2.37 GM respectively.
The computed TPA wavelengths for the nitrogen and sulfur substituted compounds are
close to 800nm. The calculated values at these excitations confirm that the cross-section of
9R-N is much higher than that of 9R-Se at the 800nm excitation. This agrees with

experimental results.

3.4.4. Entangled Two-Photon Absorption & Fluorescence
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Figure 3.8. Entangled two-photon absorption rate of the molecules investigated.
Shown in Figure 3.8 are the entangled two-photon absorption plots for the

molecules investigated. The general rate of NLO absorption of a molecule is a summation
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of both the non-entangled or random TPA rate and the ETPA rate, R = R, + R,.!°> The
random TPA rate was described above. Entangled photons at 800nm generated by type 11
SPDC were employed in these ETPA experiments. ETPA was observed in all compounds
studied in this work. There were however, variations in how much entangled light each
compound could absorb, and this can be viewed clearly in the graph of ETPA rate (Figure
3.8). The extent of two-photon absorption for each molecule changes greatly with each
substituent. This implies that entangled photons are responsive to the nonlinear optical
changes caused by adjustments in molecular structure. Figure 3.8 shows the absorbed
photon rate against input flux for the benzodithiophene derivatives and the solid lines
represent linear fits of the data. ETPA and the subsequent linear ETPA character were
measured with an entangled photon flux of 10° photons/s. Only the linear dependence of
ETPA was observed and excitation intensity was not high enough for the quadratic
nonlinear dependence of classical TPA to be seen. The ETPA cross-sections were
calculated from the linear ETPA rates (Table 3.4). 9R had an ETPA cross-section of
4.76x10""” ¢cm?/molecule which is somewhat smaller than ETPA cross-sections for other
chromophores that have been reported.’**> However, here we are interested in the trends
in o for the thienoacene substituted ladder molecules. Compared to the parent structure,
9R-N had a higher ETPA cross-section of 5.96x10""” cm?/molecule. 9R-S and 9R-Se had
cross-sections of 2.69x107" cm?molecule and 0.679x107" cm?molecule respectively.
Interestingly, the relative trend in cross-section for the substituted derivatives (9R-N > 9R-
S > 9R-Se) remained the same in both the classical and entangled two-photon absorption
cases. It is also interesting to note that there was an enhancement of the entangled photon

cross-section of the 9R chromophore relative to its classical two photon cross-section.
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Figure 3.9. Entangled two-photon excited fluorescence as a function of photon flux.

Table 3.4. Entangled two-photon absorption cross-sections measured via transmission and
fluorescence methods

Compound | o (10" cm*molecule), via | o (10" cm?molecule), via
Transmission Fluorescence

IR 4.76 8.10

9R-N 5.96 5.25

9R-S 2.69 2.02

9R-Se 0.679 1.64

Two-photon excited fluorescence measurements were also carried out using
entangled photons to excite the compounds (ETPEF) and the linear ETPEF of the different
chromophores shown in Figure 3.9. It was previously reported that the entangled
fluorescence intensity was roughly in agreement with a product of the ETPA cross-section
measured by the absorption method and the fluorescence quantum yield of the molecule.*
This approximation holds for the thienoacene molecules studied. There is a linear
dependence of the fluorescence signal with input flux intensity as a result of the

nonclassical properties of the ETPA process. The ETPA cross-sections calculated from
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ETPEF are shown in Table 4. This is the first systematic comparison with multiple
chromophores, of the ETPA transition method and ETPEF collection method to measure
entangled cross-sections. There is very good correlation between the two sets of entangled
cross section values. It was expected that the absorption and fluorescence detection
methods would not provide the exact same entangled cross-section values, as different
measurement methods are subject to different experimental errors, however, the values
from both methods are generally within error of each other. Similar to results from TPA
and ETPA experiments, 9R-Se’s cross-section of 1.64x10* cm?/molecule was smaller
than those of the other three molecules. However, for ETPEF data there is again an
enhancement in the entangled two photon cross-section for the 9R chromophore.
3.5. Discussion
Figure 3.10 shows the normalized classical TPA cross-sections compared to normalized
ETPA and ETPEF cross-sections for all four molecules investigated. The graph shows that
with TPA and ETPA, the values for the substituted derivatives scale equivalently when the
substituent is changed from nitrogen to selenium. There is a clear trend for 9R-Se, 9R-S and
9R-N, with a similar increasing progression in that order. This corresponds with data from a
previous study that looked at a set of thiophene dendrimers.*’ For similar compounds with
systematic changes, classical TPEF and ETPA techniques can both be used to get correlation
data for different molecules. There is a moderate change in trend when the substituent is
changed to sulfur. However, 9R shows a drastic ~45% increase in relative cross-section for
entangled TPA compared to classical TPA. It is interesting that the three D-A-D substituted
molecules exhibited a comparable trend in cross-section values going from classical to

entangled TPA, despite the small difference seen for 9R-S. Alternatively, the D-n-D 9R
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molecule showed a large enhancement of ~45% from classical to entangled TPA. For cross-
sections measured via ETPEF, 9R had the highest cross-section, followed by 9R-N, 9R-S and
9R-Se. The enhancement for cross-section of 9R seen with ETPA is more pronounced with
ETPEF. Moreover, although 9R-S still has a higher cross-section than 9R-Se, the values for

ETPEF are closer in magnitude.
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Figure 3.10. Graph showing normalized random TPA cross-sections and normalized ETPA
cross-sections.

To properly understand the differences in cross-sections seen in Figure 3.10, it is important
to consider the possible two-photon absorption pathways, that is, the permanent dipole
transition and the virtual state transition.”> An extensive theoretical and experimental analysis
on the selectivity of entangled photon absorption was done to exhibit how the particular
excitation pathway of a molecule affects the observed non-classical NLO effects.?” To compare
the different absorption mechanisms, it is best to examine the equation for the entangled two-

photon absorption cross-section, d,. This is given as:*’
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The first term describes absorption through intermediate levels, while the second and third
term describe absorption via permanent dipole transitions. w, is the signal and idler photon
frequency, A, and T, are the entanglement area and entanglement time respectively, es and e;
are the polarization of the signal and idler photons, and ¢4, &, and &, are the frequency of the
ground, intermediate and excited states. y;; and M;; denotes the permanent dipole and
transition dipole matrix elements respectively, and k; are the state linewidths. It was predicted
by Fei et al'® that the quantum interference between the entangled photon pair and the
intermediate states produce a nonmonotonic behavior of the ETPA cross-section as a function
of the entanglement time. These cause entanglement induced transparencies and this behavior
can be seen by the oscillatory term e *4“Te, The period of these oscillations vary with the
absorption pathway.?’ It was found that intermediate states that are off resonance with the laser
(photon energy) did not contribute to the ETPA cross-section.?” This is the case for absorption
mechanisms through the permanent dipole pathway. Thus, it was found that using particular
entanglement times, molecules excited via solely the permanent dipole transition where the
ground and excited states are directly coupled, did not show ETPA signal.

An example of such interesting ETPA characteristics was seen with a trans-stilbene
derivative, which had a bis(styryl)benzene structure with methoxy side groups and dialkyl
amino end groups.?>>’* This molecule has very high classical TPA cross-section, on the order
of 300 GM. However, it showed no entangled two-photon absorption.?’ This was intriguing

because the classical two-photon absorption results suggest that this molecule exhibits strong
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nonlinear optical effects. Examining the structure of the compound, the alkoxy chains on the
central phenyl unit serve as additional donors on the conjugated chain, but have different
polarity compared to the molecule’s end groups. This enhances the dipole character of the
molecule, which causes the dipole pathway to dominate absorption. Due to the high charge-
transfer character of the compound and difference in dipole moments of the ground and excited
states, the primary absorption mechanism is the permanent dipole pathway. This overshadows
the transition dipole pathway and no ETPA was observed with a particular entanglement time.
Therefore, it becomes necessary to understand how the symmetry and multipolar character of
the molecule plays a role in observed ETPA signals.

Comprehensive investigations of conventional TPA have shown that for molecules that
have non-zero permanent dipoles and existing virtual states, both two-photon excitation
mechanisms are operational and compete in classical two-photon absorption.”> Anderson et
al” studied the different states involved in two-photon absorption of quadrupolar
centrosymmetric molecules and dipolar non-centrosymmetric molecules.” For quadrupolar
molecules, the three states involved in TPA are the 1A, ground state, 1By intermediate state
and an A, final state. A study of TPA for a set of quadrupolar n-conjugated molecules also
showed that TPA occurred from the 1A, ground state to a TPA active Ag state, but TPA was
forbidden in By states.”® Furthermore, these forbidden TPA 1B, states were one photon
allowed. Thus, in quadrupolar molecules, the So—S: transition is allowed for one photon
absorption, while the So— S, (1A;—2A,) is allowed for TPA, and the 1B, state plays the role
of an intermediate state.”” Strehmel and co-workers also investigated how classical two-photon
absorption occurs in quadrupolar compounds compared to their dipolar counterparts.”’ This

highlighted how the structural polarity of the molecule is important in determining the two-
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photon absorption mechanism and the resulting two-photon absorption cross-section. Due to
the centrosymmetric nature of quadrupolar molecules, the change in dipole moment from So
to Si, A, is close to zero.”® As a result, the A term in either the classical or entangled two-
photon equation is minor for quadrupolar compounds. It has been found that there is strong
electronic coupling between the excited states, thus the S1—Se¢' is an important parameter for
the TPA of quadrupolar compounds. This implies that the transition dipole moments, from
ground to excited state, Mg, and between excited states, Mee’, determine the TPA cross-section
for quadrupolar molecules. The relationship between y and 6 previously introduced shows that
Or for centrosymmetric quadrupolar compounds would depend on parameter for the transition
between excited states (Mee’). This would imply that o of quadrupolar molecules should

depend primarily on the first term of Equation 3.2.
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Figure 3.11. Energy level diagram showing two-photon absorption mechanisms in
centrosymmetric quadrupolar molecules and non-centrosymmetric dipolar molecules, i and s
represent the signal and idler photons.

On the other hand, TPA in dipolar molecules is more controlled by the change in dipole
between the ground state and excited state (Ap) and the transition dipole moment between

these states (Mge). As a result, classical TPA of dipolar molecules is highly dependent on the

parameters that are involved in one-photon absorption. Rather than a coupling between
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intermediate states, this absorption pathway depends on the difference in permanent dipole
moment of the ground and final state. A comparison of one-photon and two-photon excitation
spectra for dipolar molecules, shows this dependence.””®° Since TPA in dipolar molecules
depends on the parameters involved in one-photon absorption (OPA), their OPA and TPA
spectra overlap. Therefore, the low-energy one-photon allowed transitions can also be two-
photon allowed.” This is only the case for non-centrosymmetric molecules. It follows that the
symmetries probed for dipolar and quadrupolar molecules may not be the same. Certain
symmetry states for quadrupolar molecules cannot be probed by classical light. As all the
dipole terms and detuning energies are present in both classical TPA and ETPA cross-section
expressions, they affect TPA in both cases. The ETPA cross-section of dipolar molecules
would hence be affected primarily by the second and third terms of Equation 3.2.

Since the compounds in this work have D-A-D and D-mn-D structures, they are all
centrosymmetric and may be described as quadrupolar-type molecules. Therefore, they must
have majority TPA contributions from the transition dipole pathway. It is known that changes
in quadrupole moment affect the molecule’s transition dipole moment.®! Hence, the effects of
transition dipole moment are considered to account for them. Furthermore, our theoretical
calculations for classical TPA showed that the interband transition dipole moments (Mgc) alone
did not fully correlate with the cross sections (Table 3.2). This implies that there was also a
considerable contribution from the intraband transition dipole moments (Mge’) to the computed
classical TPA cross-sections and substantiates the reasoning that the TPA mechanism of these
chromophores involves the intermediate excited states. It can be said for the molecules being
investigated that because there is only one intermediate state for the transition being considered

(for 9R and 9R-N), or one intermediate state is highly dominant (9R-S and 9R-Se), so a one
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intermediate state model can be used. Using the first term of Equation 3.2 for oy and the
transition dipole moments obtained computationally (Mg and Mie shown in Table 3.5),
estimates of the ETPA cross-sections for the four molecules were calculated. These were
estimated at an entanglement time of 100fs to match experimental conditions.

Figure 3.12 shows the normalized cross-sections from experimental ETPA as well as from
calculations. Calculated values show very good agreement with experimentally obtained
ETPA cross-sections, although the calculated 9R value is relatively lower than experimental
obtained values and does not show the enhancement. It must be noted that these calculations
were carried out using the S1—S» transition dipole moments and only the first term in equation
7 which is the transition dipole moment pathway. The transition probed experimentally by the
800nm entangled photons for 9R-S and 9R-Se was most likely the So—S4 transition. Using the
S1—S4 transition dipole moment for these two molecules, their computational values match

their experimental results and there are no deviations.
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Figure 3.12. Graph showing calculated and experimental relative normalized ETPA cross-
sections.

Table 3.5. Quantum calculations for excitation energies, and transition dipole moments (M)
for interband and intraband transitions

Compound | Energy Transition | Mg (D) | Energy Transition | M (D) | Detuning
(eV) V) Energy (eV)

9R 2.853 So—Si 10.728 | 0.411 S1—S2 20.300 | 1.304

IR-N 2.698 So—Si 10.742 | 0.386 S1—S2 19.355 1.148

9R-S 2274 So—Si 8.3313 | 0.407 S1—S2 19.920 | 0.7242

9R-Se 2.140 So—Si 7.8306 | 0.425 S1—S2 19.539 | 0.5902

Considering the centrosymmetric structure of all four molecules, it is intriguing that 9R
has an immensely different relative ETPA cross-section compared to classical TPA cross-
section. It suggests that the difference in symmetry and structure, going from having a central

acceptor to a central n-bridge, has an enhancement on ETPA that is not observed with classical
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TPA. The parent 9R structure does not have the charge transfer towards an acceptor that is
seen in the substituted compounds. Thus, it does not have the strong quadrupolar character of
the substituted molecules and can be considered as an analogue dipolar molecule. Therefore,
it may have a non-zero dipole moment, giving this molecule some dipolar character. A low
change in dipole moment, Ap, of 3D, is estimated to determine how ETPA cross-sections will
be affected by contributions from the permanent dipole pathway.

Using the estimate of the permanent dipole moment, the second and third terms were
included in the calculation of o for 9R. Calculations with the addition of the permanent dipole
moment term lead to an increase in entangled two photon cross-section (by ~25%). Due to the
complex oscillatory terms in the oy equation, it also affects the induced transparencies. With
inclusion of Ap, we obtain an enhancement in the o calculated. Although the two-photon
absorption is dominated by the transition dipole pathway, contributions from the permanent
dipole path are able to cause observable enhancements in ETPA and the trend of calculated
ETPA becomes comparable to that obtained from ETPEF experiments. These contributions do
not cause a detectable difference in classical TPA but due to the higher resolution and
selectivity of ETPA, they are clearly seen using entangled photons. This explains the relative
enhancement of the ETPA cross-section of 9R compared to classical TPA. The substituted
compounds have no permanent dipole contribution thus this enhancement is not seen. The
small change in symmetry of the molecules by adjusting the donor/acceptor/n-bridge structure,
causes changes in quadrupolar and dipolar character that is better elucidated with entangled
photons.

These results suggest that the quantum interference between entangled photons and the

interacting matter are able to provide changes to two-photon absorption signals that are not
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observed classically. This improves the resolution of the non-linear optical signal for particular
absorption pathways. For purely quadrupolar molecules, where only the transition dipole
pathway is dominant for classical TPA, this remains the same for ETPA. For molecules that
are centrosymmetric but have some dipolar character, both absorption mechanisms are
involved and the small contributions from the permanent dipole pathway cause small
enhancements to ETPA signal and changes to the ETPA nonmonotonic oscillations. Thus,
ETPA is highly dependent on the symmetry and multipolar nature of the compound being
investigated, as these determine the two-photon absorption mechanism that will be utilized.
Donor-acceptor moieties of the molecule affect the BLA and BOA which in turn tune y and
the dipolar and quadrupolar character. It is clear that such adjustments will modify the dipole
terms and influence possible pathway mechanisms. This introduces the opportunity to control
the degree of ETPA by taking advantage of its dependence on molecular structure and

absorption mechanism.

3.6. Conclusions

This comprehensive experimental and computational study of thienoacene molecules has
shown that the electronic structure of each molecule provides different linear and nonlinear
optical effects. These structural differences are based on the presence of atomic substitutions
with different donor/acceptor and donor/n-bridge moieties. The absorption and emission
spectra for the different molecules showed increasing red shifts with respect to the parent
structure as the substituent was changed from nitrogen to sulfur to selenium. The absorption
spectra was well predicted by computational methods and the observed red shifts were

reflected in the narrowing HOMO LUMO band gaps. The atomic substitutions also had
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significant effects on the emissive properties of the molecules. The nitrogen substituted
compound, 9R-N, showed strong nonlinear optical effects with its high classical two-photon
absorption, followed by 9R, 9R-S and 9R-Se. Measurements of the entangled photon
absorption of the Thienoacene chromophores showed a strong correlation with the classical
two photon experiments. However, the 9R chromophore showed an enhancement for the case
of the entangled two photon cross-section. Similarly, there was good agreement with the
entangled photon fluorescence measurements and the classical two photon results. Again,
there was also a strong enhancement observed in the 9R chromophore for the entangled two
photon fluorescence results. Calculations of the entangled cross-sections showed that
inclusion of the permenant dipole pathway could result in an enhancement of the entangled
cross section for the 9R. This pathway is not accessible for the other quadrupolar
chromophores studied in the series. The enhancements in the 9R ETPA cross-section were
experimentally observed due to the high resolution of the quantum processes involved and the
strong correlations of entangled photons. These experimental and theoretical results provide
the basis for developing organic NLO molecules that can be selectively synthesized based on
multipolar character and to demonstrate strong absorption and fluorescence with low intensity

nonclassical light.
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Chapter 4
Entangled Two-Photon Excited Fluorescence

The work in this chapter is being used towards a manuscript in preparation
“Entangled Two-Photon Excited Fluorescence and Quantum Advantage for Microscopy”
Audrey Eshun, Oleg Varnavski and Theodore Goodson I1I

4.1 Abstract

The attainment of entangled two-photon excited fluorescence (ETPEF) will lead to using non-
invasive light intensities for microscopy, imaging and spectroscopy while exploiting the
quantum nature of entangled photons. In this paper, we investigate the ETPEF process and the
experimental and molecular parameters necessary to obtain ETPEF. We report the pathway
dependence of ETPEF and pathway’s effects on observed fluorescence signal. We find that the
observed fluorescence depends on the detuning energy between the molecule’s intermediate
states and the entangled photons. Molecules with small detuning energies utilize the transition
pathway, where the resonance between the electronic states of the molecule and the photons
leads to strong interactions, enhancing ETPEF. Conversely, those with large detuning energies
use the permanent dipole pathway and do not experience this resonance effect, thus this
pathway is less favorable for ETPEF. One must consider the differences in entangled photon

light sources when comparing results from different experiments.

4.2 Introduction
Quantum entanglement is a curious phenomenon that has intrigued scientists since the

latter part of the past century. It is an interesting property of many-body quantum states, where
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one object of the state cannot be described separately from another object within the state;
that is, their quantum states cannot be factored into a product of single particle states. Although
entanglement was initially thought of as counterintuitive since it seemed to leave quantum

9]

mechanics “incomplete”, it has since been well described mathematically and proven
experimentally. Quantum entanglement was originally investigated for its physical properties,
towards exploring quantum mechanics with Bell inequality violations and Hong Ou Mandel
interferometers.?? Entanglement can be established in different particles such as atoms,
electrons and photons and within them, occur in different degrees of freedom including
momentum, frequency, spin, polarization, time and space. These various entangled parameters
allow the concept of entanglement to be utilized for numerous applications. Over time, the
entanglement characteristics of these particles have been applied to several technologies like
quantum communication, cryptography and other computation operations.**

The application we are most interested in is that of quantum sensing, mainly fluorescence
measurements with entangled photon pairs. Quantum entangled light generated in the form of
photon pairs has a high degree of temporal and spatial correlations that present it as a powerful
sensing tool.”® Quantum sensing has the capability of targeted coherent control,” unique low
noise characteristics and extremely low photon toxicity due to the low intensity of entangled
light needed for experiments.!® Measurements may be achievable with sensitivity beyond the
standard quantum limit and limitations of low signal to noise ratio and resolution can be
overcome while exciting photosensitive materials. Entangled light has additional parameters

IL12 Researchers have found that the

that can be controlled to adjust the observed signal.
efficiency of absorbing entangled light is dependent on the degree of frequency correlations of

the light and thus, it is possible to enhance signals with highly correlated entangled light.!*!
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Furthermore, the momentum and polarization correlations can be exploited to conduct
spectroscopy in new spectral ranges.

Recently, advances in our understanding and manipulation of quantum light have led to its
growing use as a spectroscopic tool. We specifically want to look at the induced fluorescence
from the entangled two-photon absorption (ETPA) process. Entangled two-photon excited
fluorescence (ETPEF) is a new and promising field and in this article, we will be focusing on
its potential and how best to achieve it. Classical fluorescence spectroscopy in general is more
selective than UV/Vis absorption'® and this reflects in different ways with entangled two
photon excitation. As early as 1997, ETPEF was suggested.!® Despite the early suggestion,
ETPEF was not conducted until recently due to the initial challenges associated with it.
Measuring ETPEF is not a trivial task. The use of low light intensities for excitation often result
in low fluorescence counts that require specialized equipment for precise measurements.
Accurate confinement of the experimental setup is necessary so as to improve signal to noise
ratios and systems had to be designed to ensure the maximum fluorescence collection. ETPEF
was first measured with non-classical light in atoms.!”-!® Since then, strides have been made in
our understanding of entangled photon sources and fluorescence collection to lead to the first
observation of ETPEF in a molecule!, followed by multiple experimental realizations of
ETPEF in various forms, with different entangled photon sources and different experimental
setups.?0-23

In this chapter, I looked at the process of ETPEF, optimizing our experimental setup for
ETPEF measurements and conduct a study on EPTEF observations to understand the necessary
parameters to observe ETPEF. I will include a detailed description of the ETPEF setup and

data collection. I will discuss in-depth the experimental data on ETPEF and with the aid of
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electronic structure calculations, determine the molecular and experimental parameters
necessary for ETPEF.

4.3 Fluorescence process
The correlations exhibited by photon pairs led researchers to consider the prospects of

using entangled light for TPA. Since entangled photon pairs are highly correlated in time, the
arrival of one is almost simultaneously followed by the arrival of the next and as a result,
absorbing material placed in the beam path would simultaneously absorb both photons of the
biphoton pair and ETPA would occur. Due to these strong temporal correlations, the rate of
ETPA, is linearly dependent on the photon intensity, i.e., R, = 0,0 where o, is the ETPA
cross-section and @ is the photon flux density. The time within which this simultaneous
absorption of photons can occur is known as the entanglement time T, and it is dependent on
the entangled light generation source. The interaction of the entangled light with the electronic
states of the absorbing matter is evaluated with second-order perturbation theory and is given

as: 19,24

1—exp[—i(w0+sg—£e)Te—Te;ce/2]

(a)0+£g—se)—ike/2

_ A
h2e2AeTe

o, wdd(er — g5 — 2wy) X Hef-€illge.€s +

2

1—exp[—ia)0Te—Tng/2] nuff' ell"'gfes Eq. 4.1

1—exp[—ia)0Te—Ter/2]

wo—ikg/2 Hgr-€Cillgg.Cs +

—wo—iKs/2

Where A, and T, are the entanglement area and entanglement time, wy, is the frequency of
the signal and idler photons, &g, &, and & are the frequency of the ground, intermediate and
final states respectively. Thus, A= €, — &5 — wy is the detuning energy, y;; are the transition

dipole matrix elements with u;; referring to the permanent dipole of an energy level and k; the

state linewidths. This analog to the equation derived by Fei et al shows that ETPA involves
two different pathways. The first term of Equation 1 involves ETPA through the transition

dipole pathway, where the detuning energy is small and ETPA occurs through an intermediate
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level (Fig.4.1(b)). The second and third terms involve ETPA through the permanent dipole
pathway, where there is a large detuning energy and the ETPA is dependent on the difference
in dipole moment between the ground and final states (Fig.4.1(c)). The relaxation of the excited

state leads to fluorescence emission as shown in Figure 4.1.

ETPA Virtual Transition ETPA Permanent Dipole

Classical TPA Pathway Transition Pathway
(a) (b) (c)
f f
f ~—— ———— s
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Figure 4.1. Schematic of classical TPA showing classical photon pairs exciting a molecule
from the ground state through an intermediate state to the final student. (a) Classical TPA
diagram includes transition dipole moments and two-photon excited fluorescence. The
detuning energy is extremely important for ETPA and less so for classical ETPA. (b) shows
ETPA through the virtual transition pathway. The sample is excited with entangled signal and
idler photon pairs through a virtual state which is in resonance with the pump energy thus, the
transition dipole moments contribute significantly to the ETPA process. For ETPA through the
permanent dipole pathway (c), there is a large detuning energy and the permanent dipole
contributes significantly to the ETPA process. Both ETPA schematics show the resulting
fluorescence emission.

In the virtual transition pathway (Fig.4.1(b)), the intermediate states in resonance with the
entangled photons leads to a strong interaction coupling between the molecule’s states and the
entangled photons. This perhaps causes an enhancement in the ETPEF signal and fluorescence

is observed. On the other hand, molecules with larger detuning energies (Fig.4.1(c)) do not

experience this interaction enhancement and ETPEF becomes less likely to be seen or will not
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be seen at all. This will be explored and discussed later in this work. In addition, the linewidth
of ETPA is dependent on the excited state lifetime, whereas that for classical TPA is assumed
to be independent of the final state.?

Fluorescence in general is highly favorable for spectroscopic measurements due to the lack
of intrinsic background and the good signal-to-noise ratio it provides. Similar to with classical
excitation, fluorescence from ETPA originates from a relaxed excited state and the
entanglement induced fluorescence detected is a measure of the state population created by the
ETPA process. Fluorescence is vital in imaging through fluorescence microscopy, and with
ETPEF, this critical imaging will be achievable for delicate materials by utilizing the low
photon flux capabilities of quantum light. The strong correlations of entangled light allow for

targeted excitation of particular pathways, resulting in enhanced signals with ETPEF.26-28

4.4 Experimental
4.4.1 Experimental Overview

Ti:Sapphire 800nm

Avalanche
Photodiode 1
</\—-__ D

Avalanche
Photodiode 2

\ Variable
PMT . Filter |
J SPDC Generation v
Photodetector

iCCD Camera

Beam Splitter |

Figure 4.2. Experimental setup for entangled two-photon excited fluorescence.
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Our entangled two-photon excited fluorescence involves the entangled pairs generated by
SPDC exciting a sample placed in a specialized unit and the resulting fluorescence measured
with a photomultiplier tube (PMT). Our entangled photon setup is as seen in Figure 4.2. A
mode-locked Ti:Sapphire 800nm laser with 100fs pulses and 80MHz repetition rate is used to
pump a Imm thick BBO crystal for second harmonic generation (SHG). The resulting 400nm

beam pumps a 0.5 mm or 1 mm thick BBO crystal for frequency degenerate Type-1I SPDC
(a)1 = w, = wp/ 2). After down-conversion, a dichroic mirror and interference filter are

utilized to separate all 400nm light before the measurement box which is adequately blocked
off from all pump light. All fluorescence measurements are taken in a specifically designed
fluorescence collection unit (FCU) as shown in the insert of Figure 4.3. The fluorescence
collection unit has a hemispherical mirror and spherical cap that form an enclosed reflecting
surface ensuring maximum fluorescence directed towards the cooled PMT (R7518P
Hamamatsu) where fluorescence counts are taken in a photon counting mode. The sample
cuvette is placed in the center of the collection unit for measurements. An iCCD camera is
used to check the spatial arrangement of the SPDC cones. The input flux is measured with

avalanche photodiodes (Perkin Elmer SPCM-AQR-13) either as singles or in coincidence.

4.4.2 Entangled Light Generation for ETPEF Experiments
Currently, the most commonly used method for generating quantum entangled photon pairs

and the method we utilize is spontaneous parametric downconversion (SPDC). Decades of
research on optical parametric processes for nonlinear optics have provided a great
understanding of the spatial and spectral properties of the emitted light and developed our

ability to control it. SPDC involves the interaction of a strong pump beam of frequency w,
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with a y® nonlinear crystal, resulting in the emission of a pair of lower energy photons (the
signal w; and idler w; photon) such that their energy adds up to that of the pump,
ws + w; = wy, due to energy conservation.?” The pump beam must be intense enough to drive
the process into the nonlinear regime, and these second order interactions cause the
annihilation of the pump and the creation of the two downconverted photons.*® In addition to
energy conservation, there is also the total conservation of momentum defined by the phase-
matching conditions of the propagation constants of the interacting constants, ks + k; = k.
These phase-matching conditions determine the spatial arrangement and propagation direction
of the generated photons, imparting spatial correlations between the photon pairs. These
correlation properties govern the angular and temporal widths of the coherence function which
in turn determines the coincidence rate of the signal and idler photons.?! The nonlinear crystals
used for SPDC such as f-barium borate (BBO), lithium niobite (LN) and potassium titanyl
phosphate (KTP) differ in their birefringent properties which lead to different types of SPDC.
The different phase-matching conditions of these SPDC types result in particular polarizations
of the photon pairs. Periodically-poled SPDC utilizes ferroelectric crystals with very high

nonlinearity that can be modulated. Periodically-poled crystals have quasi-phase matching
with the conditions k), = ks + k; + zxn (where A is the grating period).?>3?

Alternatively, a source of entangled photon pair generation less commonly used for TPA
experiments but has recently been used towards fluorescence measurements is squeezed light.
These quantum correlated twin beams have low noise levels that can fall below zero point
fluctuations and have been described as having “less noise than no light at all.”** Squeezed
light has a reduced quantum uncertainty compared to light in a coherent state. The uncertainty

region is “squeezed”, thus its width is reduced in one quadrature and increased in another,
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usually these are the amplitude and phase quadratures. These highly correlated squeezed twin
beams with high photon numbers can be generated through a process known as four wave
mixing (FWM) in a y® nonlinear material.>>3® Two photons from a strong pump field are
mixed with a weak probe field to produce a 4™ beam called the conjugate with phase-matching
conditions ky, + k. = 2k, and with frequency v,,, + v, = 2v,, where the indices pr, c and p
represent the probe, conjugate and pump beams respectively.

Table 4.1 Typical Photon Flux of Photons for Different Generation Method

Generation Method Typical Photon Flux per 100mW (photons/s)
Type-II SPDC in BBO?’ 1x107

Type-I SPDC in BBO% 5x107

Type-0 SPDC in PPLN 3 1x101°

Squeezed light via FWM 40 1x10'¢

Different types of entangled pair generation result in different photon fluxes and typical
values for SPDC types and 4WM are shown in Table 4.1. Squeezed light can generally be used
to achieve orders of magnitude higher photon flux than SPDC. However, the typical 107 flux
of type-II SPDC has been shown to be high enough to conduct spectroscopic experiments but
low enough to avoid photodamage. While a source generating photons with a high flux may
seemingly be beneficial for sensitivity and efficiency of interaction with the molecule under
study, this may not necessarily be the ideal case. It is essential that while having a photon flux
high enough for experimental results to be seen, the photon pairs should still maintain
nonclassical properties. Dayan et al studied this flux boundary, where the photons can still be
considered as exhibiting properties of entanglement. This critical maximal flux, ®,,,,, was
connected to the bandwidth (A) of the photon pair, and said to scale linearly with it as:*!

Do =A

121



After this @,,,, value is passed, the quantum effects of the photon pairs are no longer
observed. The nonclassical properties exhibited in sum frequency generation (TPA in our case)
are a result of the part of the TPA process that has linear intensity dependence.*?
R = 0,0 + 6z0% As the overall rate of TPA shows, ETPA only occurs with a linear intensity
of photon flux and as the intensity increases, random TPA takes precedence. As the ETPA
process requires the simultaneous absorption of both photons within some entanglement time,
it is sensitive to the relative time delay between the photons and this time scale is in turn
inversely proportional to their bandwidth A. This is additionally written as the rate of TPA
event being dependent on the photon number (7) and bandwidth:*!

R x A(n? +n)
From this dependence on A, it is apparent that the rate of TPA is inversely proportional to the

temporal separation of the photons. Thus, narrow bandwidths of squeezed light may result in
a lower ®,,,,,. The high photon flux of the squeezed light source can lead to observable
spectroscopic events, but these could be beyond the linear region where quantum effects take
place. Alternatively, while type-II SPDC may have a lower photon flux, it has been shown to
be high enough to conduct spectroscopic experiments staying in the range of linear
dependence.’” In ETPEF measurements, there is therefore the compromise between high flux

and maintaining the nonclassical effects of the photon pairs.*

Figure 4.3. SPDC Spatial arranment imag with the lC camera. From left to right:
Non-collinear, collinear, spatially separated.
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Our SPDC photons are generated by pumping a BBO crystal placed in a rotating holder,
such that the angle of the crystal with respect to the beam can be tuned to alter the phase-
matching conditions. A focusing lens with focal length 6cm is placed in front of the BBO
crsytal to focus the pump onto the crystal center. A blue filter, with transmission from ~380 —
480nm is placed in front of the BBO to ensure any leaked 800nm from the fs pump laser has
been removed. Another lens is placed 6cm after the BBO crsytal for focusing of the SPDC
photons. A 1 inch dichroic mirror with a 650nm cutoff, followed by an interference filter (12nm
transmission centered at 800nm), are used to filter out any excess 400nm light after SPDC
generation. In order to confirm the generation of SPDC photons and select the appropriate
phase-matching conditions for experiment, the SPDC photons are directed to the iCCD camera
for imaging. As the SPDC photons are not visible to the eye, the interference filter and dichroic
mirror are removed for alignment to be done with the residue of 400nm light.

It is essential that for Type-II SPDC, the SPDC image is detected as rings as seen and not
as a dot. The lack of rings signifies either a strong leak of pump light or incorrect alignment of
the optics for SPDC generation. The image of the SPDC spatial arrangement from our
experimental setup is shown in Figure 4.3 in 3 different phase-matching conditions namely
non-collinear, collinear and spatially separated from left to right. From previous studies,? it
was shown that the collinear phase-matching arrangement yielded the best entangled two-
photon excited fluorescence intensity. Therefore, for experiments in this study, experiments
were carried out with the rings arranged as shown in the second image of Figure 4.3.

Furthermore, once this arrangement had been set, intensity scans ran changing angle slightly.
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4.4.3 Fluorescence Collection & Measurements
For entangled two-photon excited fluorescence ETPEF measurements, the entangled

photon beam is focused with a collimating lens onto a sample which is placed in a specially
designed fluorescence collection unit (FCU) as shown in Figure 4.4(a). This unit was designed
to increase for high geometric efficiency optical collection of fluorescence light from the
sample which is held in a lem quartz cuvette cell at the assembly center. The FCU was
manufactured by single-point diamond turning and consists of an Ag-coated hemispherical
mirror and Ag-coated spherical cap mirror whose optical apertures are matched such that the
assembly forms a spherically-enclosed reflecting surface with output ports allowing entry and
exit of the entangled beam and an output port to which the fluorescence light is directed.?%*
This unit was described in detail by Ozgun Suzer in his dissertation work.** The mirror surface
of the FCU is designed such that it is centered on the sample in a way that all the emitted light
originates from the center of the mirror, and subsequently all the light is reflected towards the
output port of the spherical cap. The interior of the FCU as well as a schematic of the
fluorescence emission sample are shown in Figure 4.4. As seen in Figure 4.4(b), the emission
is spread in all directions, therefore, the aim of the FCU is to efficiently direct this emission to
the output port where the detector is placed. In the output port, a longpass filter cut on 435nm,
is placed to ensure no leaking or scattered 800nm excitation light is read by the detector. In
addition, a 1 inch focusing lens is placed in the output after the filters to collimate the

fluorescence to the detection system. The collection effiency of the FCU was calibrated with

blue light excitation and calculated to be 17% for fluorescence centered at 450nm.?°
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Fluorescence
Collection Unit
Interior

Figure 4.4. (a) Interior of the fluorescence collection unit. (b) Schematic of sample emission
after excitation in the FCU.

The fluorescence that is collected by the FCU is detected by a photomultiplier tube
(R7518P, Hamamatsu) in a photon counting mode. The quantum efficiency of the detector at
800nm is below 0.1%, ensuring no scattering of entangled photons is measured as it is not
sensitive to light at this wavelength. The PMT regularly has a low dark count rate of ~ 10
photons/s, however, it is housed in a thermoelecrtic cooler. This reduces the thermal electrons
emitted from the PMT photocathode and improves signal to noise ratio with a built in
electrostatic and magnetic field. Thus, we are able to reduce dark count rate to as low as ~1
photon/s. The thermoelectric cooler (Hamamatsu C9144) is cooled down to 0°C when ready to
use and can be cooled down to -15 °C for measurements. Fluorescence counts measurements
are monitored with a LabView program written by Brian Pinsky for the work in Ref 20. In this
program, manual collection of data can be chosen and for a typical scan, parameters can be
entered as shown below:

Number of Large Steps - 1

Large Step Distance - 0.1

Number of Small Steps - 50 (to 100)

Small Step Distance - 0.0001
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Photons/step - 10
The number of small steps can be increased to increase collection time. The small step distance
is kept small to remain at the same input power. Photons/step determine how many photons
should be counted before providing an average value of counts/s. This can also be changed to
improve the data collection and is usually kept low when signal to noise levels are good.

For a molecule for which the ETPA cross-section has already been measured, a photon
budget for fluorescence under entangled two-photon excitation can be calculated. The
excitation rate can be estimated from the ETPA absorption rate, concentration, input flux and
the number of excited molecules (proportional to the photon coincidence rate). With the
excitation rate, collection effiency of the FCU (17%), efficiency of the interface connecting
the FCU to the PMT (0.25%), the PMT quantum effiency at the emission wavelength and the
losses from filters and reflective surfaces (0.62%), the detected fluorescence signal can be
calculated. For a bisannulene molecule with ETPA rate of 3.6%, excited molecules at 6 x 10°
pairs/s, quantum yield 45% and with the PMT quantum efficiency at its fluorescence
wavelength being 23%, the estimated fluorescence counts are expected to be 5.8 counts/s. In
experiments, counts for bowtie bisannulene have been detected in the signal range of 1-2.5
counts/s.?’ The smaller number in experiment versus the estimated value can be attributed to

entanglement losses which are not considered in the calculation.

4.4.4 Experimental characterization

As experiments with ETPEF involve very low fluorescence counts, it is imperative to have
a well characterized detection system. This is necessary for two purposes. Firstly, it ensures
the dark count rate is low and there is a good signal to noise ratio. This is necessary for

differentiating background counts from fluorescence signal. Secondly, characterization
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measurements must be carried out with solvent at different intensities to ensure that the filters
cut out any scattering effects and that the signal measured is indeed fluorescence. An example
of signal measurements is shown in Figure 4.5. Initially, a dark count scan is run with the laser
shutter closed to establish the background rate that the PMT may measure from the setup
conditions. This is usually on the order of ~ 0.8 to 1.5 photons/s. Solvent is placed in the lcm
quartz cuvette and the laser shutter open for the beam to transmit through the sample. Multiple
counts are taken by the PMT over a collection time that can be varied anywhere from 1 to 10
minutes. The counts are then averaged to obtain counts for that particular input photon rate.
The counts around the blue line in Figure 4.5 show these counts that are used for averaging.
For solvent scans, the filters should cut off any scattering such that the photon counts are close
to the dark count rate. Furthermore, as the laser intensity is increased, counts from the solvent
scan should stay relatively the same within the standard deviation and should not show a linear
increase with laser intensity. The dark count rate is subtracted from the solvent counts to obtain

the solvent baseline measurement.
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Figure 4.5 Graph showing PMT counts for solvent (black) and for a triannulene compound
(red) to be averaged to obtain signal at a specific input photon flux.

The solvent can then be replaced with the sample under investigation. Unlike with solvent,
ETPA active chromophores show an increase in counts when the entangled photons are
transmitted through the cuvette and excite the sample. Fluorescence signal of a triannulene
molecule is shown in red in Figure 4.5 and there is a clear distinction between the entangled
two-photon induced fluorescence in a sample and the counts through solvent only. The dark
count rate is also subtracted from the averaged fluorescence counts to obtain the actual
fluorescence counts. In Figure 4.5, the signal from the excited sample is 1.05 photons/s
compared to the 0.16 photons/s from the solvent. The standard deviation in a fluorescence scan
is usually from 0.10 to 0.5 photons/s depending on the length of the collection time. The
standard deviation for a reference solvent scan is used to determine the error bars for the

measurements as it takes into consideration any scattering. The fluorescence rate is typically

128



three to seven times higher than the standard deviation in the reference solvent. Long scans are
taking at different input intensities and the averages of these scans lead to the plot of ETPA
fluorescence signal as a function of input photon flux as shown in Figure 4.6. This. Graph
shows the linear ETPEF for a triannulene chromophore, the ETPA cross-section of which was
measured previously.*® It can clearly be seen that the fluorescence signal increases linearly as
a the input photon flux is increased. With long collection times and optimal characterization

of signal to noise ratio, signals of as low as 0.2 photons/s can be detected.
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Figure 4.6. Linear ETPEF signal of a triannulene compound. ETPA fluorescence signal

shown as a function of input flux.
4.5 Computational Methods

Computational methods were used to determine the electronic structure and excitation
properties of the compounds. These quantum chemical calculations were carried out using the
Gaussian g09 package in the 6-31G (D) basis set. Geometry optimizations and Time
Dependent-Density Functional Theory (TD-DFT) calculations were performed to obtain
transition dipole moments, permanent dipole moments and energy levels of the molecules

under consideration. The geometries of the ground state (So) were optimized with the
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aforementioned basis set in order to perform further calculations. All calculations were done

taking into consideration the necessary solvent.

4.6 Results and Discussion
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Figure 4.7 ETPEF of (a) bisannulene, OMS82C dendrimer and ZnTPP, (b) 9R-N, 9R-S, 9R and
9R-Se, (c) different concentrations of Rh-6G as a function of input photon rate. (d) ETPEF of
DCM dye as a function of input power. Inset shows linear fit of ETPA dependence at lower input

power

Table 4.2. Properties of Molecules Studied with ETPEF
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Molecule | Quantum | Transition | Transition | Detuning Ug s Experimental
Yield Energies | Dipole Energy A | (D) (D) TPA Cross-
(eV) Moments | (6m™) /eV Section
(D)
Bowtie 0.45 2.4702 7.912 7472 0.0012 | 3.11 3.2x10°Y
2.5325 27.98 7965
2.7876 0.000 10022
2.7924 91.36 10060




2.8843 0.000 10802
2.9098 22.00 11007
9R 0.21 2.853 10.73 10549 3.14 14.56 8.10x10°"
3.264 0.114 13864
18T » 0.08 2.42 14.31 7057 -- -- 7.10x10"°
2.62 0.072 8670
2.72 0411 9477
2.72 6.587 9477
2.82 0.044 10283
2.94 7.842 11251
3.01 4.427 11816
3.03 0.051 11977
3.11 0.574 12622
Stilbene 0.88 3.49 13.1 15687 - - << 1x102°
derivative*® 4.10 9.3 20607
Fluorescein | 0.97 3.134 9.510 12701 7.94 9.11 >>1x107"7
3.186 2.665 13120
3.902 0.022 18892
DCM 043 2.549 53.02 7982 5.6 26.3 1.30x10'®
3419 10.03 14999
3.6616 4.576 16954

Quantum chemical calculations were carried out using the Gaussian g09 package in the 6-
31G (D) basis set on some molecules that have been studied with ETPEF, along with values
calculated in previous works.?>*¢ Transition energies, transition dipole moments and detuning
energies were calculated and are shown in Table 4.2 along with fluorescence quantum yield,
and experimental ETPA cross-sections. Of the molecules shown, bowtie demonstrates very
high ETPEF signals compared to most molecules we have studied. The two compounds 9R
and thiophene dendrimer®” show significantly measurable ETPEF while the stilbene derivative
which we expected to show high ETPEF due to its huge classical cross-section, has a relatively
weak ETPA response compared to other molecules! and no ETPEF has been detected with
our experimental conditions in solution. The ETPEF of Fluorescein and DCM were measured

with squeezed light.** Fluorescein showed linear ETPEF at all powers and the fluorescence of
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DCM had a polynomial fit, with linear behavior at lower intensities. All molecules have
relatively high fluorescence quantum yields, so although it is typically easier to conduct
fluorescence measurements on molecules with higher quantum yields, this is not the deciding
factor. In fact, ZnTPP and 9R-Se which had smaller quantum yields of 0.04 and 0.03
respectively, did show ETPEF.

Bowtie which has considerable ETPEF signal, has some transition energies with relatively
small detuning energies of ~7500cm™ as seen in Table 4.2. Many theoretical works have
considered that the detuning energy plays a role in the ETPA process, but Burdick et a/
conducted a more comprehensive computational study of the effect different properties have
on ETPA, including the detuning energy.?® It was shown that based on the ETPA equation (Eq.
4.1), the inversely proportional relationship between the detuning energy and the cross-section
results in higher cross-sections for smaller detuning energies,?® but how does this reflect
physically in the molecule and the observed ETPEF? A small detuning implies that there are
some intermediate energies close to resonance with the entangled photons. Thus, these
intermediate states are able to interfere with and interact strongly with the entangled photons.
We suggest that this interaction causes a coupling between the intermediate and entangled
states, and this quantum interference results in enhancements in the ETPEF response. With
small detuning, the virtual transition pathway is dominant, and the transition dipole moments
contribute significantly to the ETPEF. The high dipole moments of 7.9D, 27.9D and 91.3D,
along with the small detuning energies make bowtie an ideal molecule for the virtual transition
pathway and along with the high cross-section of 3.2x107'7 cm?*/molecule measured and its

high quantum yield, lead to the high ETPEF observed. Furthermore it was reported that in the
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virtual state pathway, there is an interference of the intermediate states causing a coupling of
the transition moments and an enhancement to ETPEF.%6

Conversely, 9R has higher detuning energies of ~10,500cm™ suggesting the coupling
between its intermediate states and the entangled photons is not as high as that for bowtie. It
follows that there is not such an enhancement in its ETPEF signal due to coupling and a smaller
cross-section of 8.1x107" cm?/molecule is observed with the transition dipole moment of
10.7D. Interestingly, 9R has a significant permanent dipole difference (us - uy), suggesting
that the permanent dipole pathway may contribute and there will be an interference of the
different pathways.?¢ The difference between the magnitude of cross-sections of bowtie and
9R support the higher fluorescence signal seen for bowtie. However, it should be noted that
the variation in fluorescence observed for the two compounds was not as large as their
difference in cross-section magnitude. Similar to bowtie, 18T has smaller detuning energies
~7000cm™! and we believe it would undergo ETPEF through the virtual transition pathway.
Although this should result in some enhancement from the strongly coupled states leading to
observable ETPEF, it is noted that the transition dipole moments for 18T are lower than those
for bowtie so the ETPEF signal would be lower. This is in accordance with experimentally
measured cross-section of 8.1x10°!? cm?/molecule via the transmission ETPA method.

The ETPEF of DCM and Fluorescein were measured with squeezed light and therefore
with a much higher flux than was used for the SPDC experiments. Different excitation powers
were used for the two chromophores. A lower power, in the microwatt regime, was enough to
reach the critical flux for DCM. The ETPEF curve has a polynomial fit, with the linear part of
the curve corresponding to the quantum effects from the entangled photons. It is interesting

that such low powers of squeezed light are enough to cause ETPEF and overcome the critical
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flux. It could be that DCM has ideal electronic level properties for ETPEF, thus the
fluorescence is observed early and not much power is needed for random TPA to supersede.
The calculated values for DCM justify this hypothesis. DCM has a low detuning energy of
~8000 cm!, suggesting the virtual pathway is utilized and there is high coupling between the
intermediate states and the entangled photons. This small detuning along with the high
transition dipole moments of 53.02D and 10.03D would lead to good ETPEF signals, hence
lower powers will be sufficient to achieve this. Additionally, the measured cross-section of

DCM is 1.31x10°'® cm?/molecule. Critical flux can also be considered as a ratio of the

entangled and classical TPA cross-sections, @, 4, = De / 5. Thus the high classical TPA cross-
T

section of 5100 GM*/, plays a role in lowering DCM’s critical flux.

On the other hand, more power is utilized to obtain ETPEF signal from Fluorescein and to
reach its critical flux, thus a full linear fit can be seen (Figure 4(d)). The classical TPA cross-
section of Fluorescein (36 GM*) is orders of magnitude smaller than that of DCM which
makes Fluorescein more likely to have a higher critical flux and subsequently a higher ETPA
cross-section due to the critical flux ratio. From our calculations, the smallest detuning energy
for Fluorescein is on the order of ~12700cm™!. As such, there would not be as strong a coupling
between the intermediate states and the entangled photons. This may be why a higher flux was
needed for Fluorescein’s ETPEF signal to be seen. However, the detuning energy is not large
enough that there is no ETPEF observed. A compelling question is whether ETPEF would be
observed for Fluorescein with a lower flux source such as SPDC.

While these molecules will justifiably show varying ETPEF responses, the stilbene
derivative was shown to have no observable ETPEF response with the experimental conditions

of SPDC excitation source and the sample in solution. For a molecule with such a high classical
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TPA cross-section!”*®, this was not expected. In fact, the transition dipole moments have been
shown to contribute to its high classical cross-section.*® The detuning energies obtained from
the calculated transition energies of this stilbene compound, at ~16,000 and ~20,000 are higher
than those of the other compounds. The intermediate states being so far off from resonance
from the entangled photons would result in the permanent dipole pathway being the dominant
excitation pathway. Previous work showed that computationally, larger detuning energies
would negatively affect ETPEF?® but what would the physical manifestation of this be in the
molecule? The further off the intermediate states are from resonance with entangled photons,
the weaker their interaction is likely to be. This resonance effect is less prominent for classical
light as extremely high photon intensities are used, so nonlinear behavior is still achievable
through the permanent dipole pathway. Similar enhancements due to resonance effects are seen
with classical light where the cross-section increases the closer to resonance.** However, this
is not a requirement and a classical TPA response can still be easily observed without it.
However, for the permanent dipole pathway in ETPEF, as the intermediate states are not in
resonance with the entangled photons, we do not have great interaction between the molecule’s
intermediate states and the entangled light and without this, ETPEF is not observed with such
low intensities of light. Javanainen et a/ noted that a nearly resonant intermediate state is
necessary to experimentally observe the effects of excitation with down-converted light,>
although the maximum number stated is much smaller than we have found to be needed
experimentally. While a pathway may have a large transition probability, if it also has a large
detuning there is a tradeoff between the two and the large detuning could negatively affect the
observed signal. This we believe is the case for the stilbene derivative. It becomes apparent

that with entangled light, the permanent dipole pathway is not ideal for ETPEF, and rather the
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virtual transition pathway is preferred and takes precedence. We question whether the higher
intensities of squeezed light excitation would cause the stilbene derivative to show ETPEF.
Would this result in completely random TPA and a quadratic fit or will the flux of squeezed
light be high enough for linear ETPEF to first be observed?

Interestingly, Burdick et al also computed that the cross-sections for the virtual transition
pathway showed some deviation from a classical-like approximation while the permanent
dipole pathway was closer to classical behavior.?® As such it was proposed that in order to take
advantage of quantum effects, the permanent dipole contribution should be minimized. Here
we have provided experimental backing for this suggestion, where the permanent dipole
pathway has been shown to be disadvantageous to ETPEF and molecules that experience
ETPEF through this pathway are more difficult to obtain fluorescence from. The energy gap
between the intermediate states and entangled photons impedes coupling and quantum
interference, which in turn affects the observed fluorescence signal. For future experiments,
we suggest that the electronic states of the compound be calculated in order to determine their
detuning energies and identify those with small detuning that will be more likely to show
ETPEF. This will be especially useful as we begin to make strides toward utilizing ETPEF

towards novel applications such as microscopy.

4.7 Conclusion

Thus, it has been shown that entangled light can be used to successfully achieve ETPEF
and the observed signal is dependent on the molecule’s electronic states. The source determines
the entangled properties of the light and the maximum photon flux achievable, which is useful
for quantum measurements until ®,,,,., after which the observed behavior becomes classical.

ETPEF setups must be well isolated and incorporate efficient fluorescence collection methods.
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ETPEF can be seen for a variety of molecules, however it is pathway dependent. For the
molecules investigated, those with small detuning energies that absorb via the virtual transition
pathway experienced ETPEF enhancements via the coupling between the intermediate states
of the molecule and the entangled photons. Therefore, molecules with excitation via the virtual
transition dipole pathway are favored for ETPEF. Those compounds with larger detuning
energies that undergo excitation via the permanent dipole pathway only, most likely will not
experience this resonance effect and as such, it is more difficult to observe ETPEF signals.
Thus, for the molecules investigated, those with good cross-sections (order of 107! and above),
high transition dipole moments and small detuning energies coupled with good quantum yield,
showed observable ETPEF signals. ETPEF is not trivial and there is still more to be understood
about factors affecting entangled fluorescence magnitude and what can be done to enhance it,

but these are important steps toward our greater overall comprehension.
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Chapter 5
Evaluating the Photophysical Properties of Organic PDI Trimers with Classical
Nonlinear Spectroscopy and Entangled Virtual State Spectroscopy
The work in this chapter is to be published in a manuscript currently under preparation
“Classical Nonlinear Spectroscopy and Entangled Virtual State Spectroscopy of Organic
PDI Trimers”

Eshun, A.; Carlotti, B.; Cai, Z.; Kim, H.; Yu, L.; Goodson III. T.

5.1 Abstract

Quantum entanglement is a rapidly growing research area, and the application of quantum
entangled photons as a spectroscopic tool is one which is increasingly promising for providing
new information about the photophysical properties of organic and biological materials that
have optical applications. This work focuses on using the nonmonotonic behavior of entangled
two-photon absorption to understand organic molecules' virtual-electronic-state interactions
with entangled photons. Comparing this to classical time-resolved and non-linear
spectroscopy, this permits us to obtain the energies of virtual states contributing to two-photon

excitations and learn more about the dynamics of these materials.

5.2 Introduction
Over the years, organic molecules have been a major subject of study towards applications

for organic electronic devices such as photovoltaics and organic light-emitting diodes
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(OLED).!® The excited states of these molecules dictate their optical properties from
charge transfer to emission and singlet fission and these affect their suitability for electronic
applications.*¢ Researchers have aimed to tune these properties using a variety of different
synthetic modifications such as creating highly conjugated aromatic ring structures,
introducing structural changes by heteroatom replacements and geometric changes that affect
the planarity of the molecule.” !!

A number of ultrafast spectroscopic methods are used to characterize the photophysical
properties of such organic molecules. Transient absorption spectroscopy is a very useful time-
resolved tool that gives an idea of the dynamic processes that occur upon a molecule’s
excitation, such as excited-state energy migration, charge transfer and intersystem
crossing.!>!? Transient absorption spectroscopy can be carried out on timescales spanning tens
of femtoseconds to hundreds of picoseconds. Thus, it becomes an important technique for
understanding different types of molecules that exhibit processes such as triplet formation in
the femtosecond regime!* and thermally activated delayed fluorescence that happens on a
microsecond time scale.!>'® Another interesting spectroscopic method used to analyze the
photophysical properties of organic molecules and biological samples is two-photon
absorption spectroscopy. This method allows researchers to probe excited states of molecules
that may not be accessible with linear (one-photon) absorption and gain information about the
polarization of the transition moments of these excitations.!” TPA measurements have been
used to determine how systematic changes such as an increase in conjugation affects dipole
moments and hence charge transfer, how there can be strong dipole coupling between metal
nanoclusters in solid state!® and how molecules of different symmetry vary in their TPA

dynamics. However, in order to obtain TPA spectra, TPA measurements must be obtained at
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different wavelengths which requires expensive lasers with tunable frequencies or multiple
laser sources. As such, researchers may face limitations when aiming to attain a molecule’s
TPA spectral resolution.

Recently, scientists have been excited about utilizing quantum entangled photons and the
physical implication of their unique properties. This fairly new experimental area has
applications from quantum computing to imaging and cryptography.'®2° While it is being
studied for these uses, questions have been raised about its employment in spectroscopy. It was
originally theorized that the strong temporal and spatial correlations of the entangled photon
pair would lead to entangled two-photon absorption within an entanglement time T, and the
TPA rate would depend linearly on the input photon flux rather than quadratically as it does
with random TPA, i.e. Re = 0,0 + 6z @.2!?> Experimentally, it has been shown that entangled
photons can indeed be used similarly for two-photon absorption techniques and the excitations
can remarkably occur with over a billion times less light intensity.?*-?” Ever more fascinating
is the enhanced resolution that ETPA permits due to the strong interactions and correlations
between photons of the entangled pair as well as the sensitivity to molecule’s excitation
pathway.?®3% While this gives further information on molecular dipole moments, we seek to
exploit the properties of quantum entangled light to learn even more about the molecules we
study for photovoltaic applications and more.

Quantum interference between the signal and idler of the entangled biphoton pair, and the
molecule undergoing two-photon absorption, allow for variations of the ETPA signal at
different entanglement times. Thus, there is a nonmonotonic behavior of the ETPA signal with

22,31

respect to Te. This oscillating pattern was first discovered theoretically“=* and since then proof

of its existence has been measured experimentally.?>3? This interference empowers us to

145



extract information on the virtual states contributing to the two-photon excitation. 23!
Entangled virtual-state spectroscopy is therefore an exciting and untapped approach to
understanding new information about the dynamics of a molecule. The Fourier relationship
between time and frequency permits us to realize spectral resolution of the states that contribute
to the excitation of the medium under consideration. An adjustable time delay, 7, can be
introduced between the signal and idler photons to reproduce the effects of altering the
entanglement time within which the photon pair are simultaneously absorbed. Hence, we will
gain a more comprehensive understanding of the dynamics involved in a molecule’s excitation
and how these can subsequently be tuned for its desired applications.

In this chapter, we consider perlyene diimide PDI trimers that differ in their structural
orientation. One of these trimers, trimer B, has three PDI monomers linked by
benzodithiophene units with bonds such that its overall structure becomes twisted. Trimer SC
has 3 PDI monomers fused with benzodithiophene units such that its structure is planar. The
structures of the trimers are shown in Figure 5.1. By using different spectroscopic tools,
including entangled light, we aim to obtain a more detailed picture of how the different
geometries affect the photophysical properties of these molecules, and how virtual state

spectroscopy can be incorporated as a new informative characterization method.

CsHyr 8 CsHyy S
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Figure 5.1. Molecular structure of the investigated trimer compounds: B, twisted trimer

and BC, planar trimer.
5.3 Quantum Chemical Calculations

Theoretical investigations have been performed on molecular structures where the long
alkyl chains are replaced by short chains (octyl and hexyl groups [CsHi7, CsHi3] attached to
the PDI and the BDT linker are replaced by hydrogen atom and methyl groups, respectively)
to save computational time without significant effect on the electronic properties. The ground
state geometry of each compound was obtained by computations using density functional
theory (DFT). The B3LYP functional and the 6—31G* basis sets have been employed. Excited
state simulations using time—dependent DFT (TDDFT) were performed. The same functional
and basis sets used in the ground state calculations, were employed for the geometry
optimization of the first singlet excited state (S1). Single—point energy calculations to evaluate
the electronic property were performed using the system—dependent, nonempirically tuned
version of long—range corrected functional ®B97X-D*+* which is known to significantly
improve the charge delocalization problem in conventional DFT functionals and 6—31G* basis
sets. The w value is tuned to minimize the square sum of the difference between HOMO energy
(enomo) and ionization potential (/P), and LUMO energy (eLumo) and electron affinity (E£A),
(enomo+IP)*+(eLumo+EA)?. The w value is significantly affected by the environment,* and
inclusion of the solvent (chloroform) dielectric field induces a reduced w value. The optimal
o values of 1 and 2 are 0.004 and 0.003, respectively. The medium effect is included using
polarizable continuum model with the dielectric constant of 4.31 for chloroform. Characters of
excitations were described with natural transition orbitals (NTOs). All the quantum chemical

simulations were conducted using Q—Chem 5.0.%
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5.4 Results
5.4.1 Steady State Absorption and Fluorescence

The absorption spectra of compounds £ and SC in chloroform solution are shown in
the left graph of Figure 5.2. The absorption spectra of the investigated samples are placed
in the same region where the structured absorption of the parent PDI occurs. However, the
relative intensities of the multiple peaks (or shoulders) exhibited by compounds 1 and 2
(see Table 1) are different with respect to those characteristics of the absorption of
monomeric PDI. This spectral behavior has been reported in the literature for several PDI
dimers®3® and is most likely related to intramolecular features of the molecules of the
present study, and the fact that # and BC are PDI trimers. In fact, no concentration effect
on the absorption spectra was observed suggesting that no aggregation or intermolecular
interaction are affecting the spectral shapes exhibited by the trimers.

It has to be noted that the absorption and emission spectra of f and BC (Figure 5.2)
appear to be extremely different, despite the structural similarity of the two molecules.
Whereas the emission spectra of compound SC are peaked and structured, compound 8
shows broad structure—less spectra. These different spectral features, already visible in the
absorption, become apparent in the fluorescence spectra. The emission of BC is peaked at
613 nm and shows a shoulder at 665 nm. On the other hand, compound B exhibits an
extremely broad and bell-like shaped emission band, which results significantly red shifted
with respect to BC and is centered around 790 nm. For the investigated compounds, no
significant wavelength effect on the fluorescence spectra was observed and the excitation

spectra well overlap the absorption.
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A significant effect of solvent polarity was observed on the spectra of compounds
and BC, particularly on the emission (see Figures 5.13 and 5.13). When considering a low
polar solvent such as toluene and a medium polarity solvent such as chloroform, a red shift
(ca. 400 cm!) of the emission peak occurs upon increasing the solvent dielectric constant.
These findings point to a certain intramolecular charge transfer character of the emitting
state for these molecules containing electron donor and electron acceptor groups
(A—n—D—n—A—n—D—n—A structures), for both compound 8 and fC.

Fluorescence quantum yields were measured for the investigated molecular systems in
chloroform solution (see Table 5.1). The fluorescence efficiency is 30 times lower in the
case of compound B compared to BC (¢r is 0.003 vs. 0.09). As a matter of fact, the
fluorescence quantum yield of these PDI trimers is quite low (0.3 to 9 %). This is quite
unusual for PDI derivatives which have been generally reported in the literature to be

strongly fluorescent.’’

Normmalized Absorbance

1
Normalized Fluorescence

L L 1

1
800 600 700 800

A /nm %/ nm

Figure 5.2. Normalized absorption (right) and emission (left) spectra of compounds 1
and 2 in chloroform.
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Table 5.1. Absorption and emission properties of compounds 1 and 2 in chloroform.

Compound Aabs / NM Aem/nm | /M 'lem™” dr
B 366, 450°", 526, 630" 790 71100 0.003
BC 394, 414,510,605 | 613,665 | 58500 | 0.090

“at the underlined maximum wavelength

5.4.2 Femtosecond Transient Absorption

The ultrafast excited state dynamics of compounds f and BC in chloroform was
investigated upon 400 nm laser excitation by femtosecond transient absorption. The
obtained results, in terms of time resolved spectra, are shown in the left graphs of Figure
5.3. The transient spectra are shown for measurements carried out in both chloroform (left)
and toluene (right). The transient spectra exhibit mostly positive signals due to excited state
absorption. Negative peaks are revealed at ca. 520 nm for compound f and at ca. 510/605
nm for compound BC. These spectral positions nicely match the steady state absorption
maxima and thus these signals in the transient spectra are mainly due to ground state
bleaching. However, for compound BC, characterized by a small Stokes shift and a
non—negligible fluorescence efficiency, a contribution of stimulated emission to the
negative peak between 580 and 625 nm cannot be ruled out. The time resolved absorption
spectra show several positive excited state absorption signals for the two samples: a band
centered around 740 nm, another band at ca. 660 nm and peaks at ca. 540 and 570 nm, the
last two peaks of which are particularly intense for compound BC. The transient absorption
at 740 nm has been repeatedly associated in the literature with the perylene diimide radical
anion (PDI"),’% % whereas signals in the region between 550 and 600 nm have been

assigned to the perylene diimide radical cation (PDI'"),40:42:43.43

150



AA

These transient absorptions were less apparent during the measurements carried out in
a lower polar solvent such as toluene (see Figure 5.3, right graphs). This supports their
assignment to charged transferred species produced after photoexcitation of the trimers.
The spectral features observed during the ultrafast transient absorption experiments of 8
and BC in chloroform may therefore reflect the occurrence of intramolecular charge
transfer in these molecules, particularly efficient in the case of compound BC. No
significant evolution of the absorption spectra was observed in time. Therefore, it is
feasible that formation of the excited state with intramolecular charge transfer character

occurs extremely fast, probably within the solvation in chloroform.’

Chloroform Toluene

10.012
0.012

0.006
0.006

10.000

0.000 PR
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0.000 L=\ 40.000

-0.008 1-0.015
-0.016 , , . ] . . . 1-0.030
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A /nm A /nm
Figure 5.3. Time—resolved absorption spectra obtained by femtosecond resolved

transient absorption measurements of compounds [ (top) and BC (bottom) in
chloroform (left) and toluene (right).
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5.4.3 Quantum Chemical Simulations

A computational investigation of compounds B and BC was carried out by using
density functional theory. The optimized geometry (Figure 5.15) computed for the trimer
characterized by fused ring connectors (compound BC) is almost planar. On the other hand,
when the bridge between the PDIs and the BDTs is a single bond (compound f), the
optimized geometry is completely twisted.

The natural transition orbitals (NTOs) computed on the optimized So geometry for the
So—S1 transition are shown in Figure 5.4. These orbitals represent the electron—hole pair
of the excited state (which account for more than 95% of each transition’s wave function).
The hole and electron NTOs clearly indicate that the So—S; transition implies a charge
transfer from the BDT electron donors toward the central PDI electron acceptor in the case
of compound B (Figure 5.4). The planar geometry of BC allows the charge transfer
associated to the Sp— S transition to take place from the BDTs to all the three PDIs present
in the molecular structure (Figure 5.4). Similar charge displacements are found to occur in
the other NTOs which describe the main transitions relevant to the absorption spectra of
compounds f8 and BC. The computed transition energies remarkably agree with the
experimental absorption maxima positions (see Table 5.8). To analyze f and BC in detail,
these compounds were divided into five subunits, considering their
acceptor—donor—acceptor—donor—acceptor structure where the acceptors are the PDI and
the donors the BDT fragments. The amount of charge transfer during absorption was
quantified as the change in atomic charge of each fragment upon excitation (Table 5.2),
where 0.76e” and 0.63e™ migrated from the BDTs to the PDIs in 8 and BC, respectively.

Compound B absorption involves more charge displacement (0.76 e”) than compound €
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(0.63 e), which is consistent with the lower excitation energy of B experimentally
observed and computationally predicted (Table 5.8). However, the symmetrical charge
displacement taking place for both f and BC causes a dipole moment calculated for the
ground state of these molecules close to zero (see Table 5.3).

The NTOs computed on the S; geometry which describe the S;—S transition are
shown in Figure 5.5. The calculated orbitals show that the charge transfer accompanying
emission involves the central PDI and one of the BDTs for compound f; one of the lateral
PDIs and one of the BDTs for compound BC. In both compounds, the charge transfer
excitation for S; appears to break the symmetry, because the hole and electron NTOs are
largely localized on half of the molecular structure. The amount of charge transferred
during emission, quantified by dividing the molecules in five subunits, is reported in Table
5.2. The charge transfer degree for the excited state of compound BC (0.80 ¢") is higher
than for compound f (0.74 e7). This computational result is consistent with the stronger
solvent polarity effect experimentally observed on the emission spectra of € and is in
agreement with literature reports concerning planar vs. twisted PDI dimers.” The excited
state dipole moment obtained from the calculations for the investigated trimers shows
significant values (see Table 5.3) due to the excited state symmetry breaking observed for
these molecules. In particular, the S; dipole moment for compound BC (ca. 33 D) is higher
than for B (ca. 25 D), consistently with the higher charge transfer degree predicted for the

excited state of this planar system.
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Electron
NTOs

Hole
NTOs

Figure 5.4. Natural transition orbitals for the Sy geometry (So—S: transition) of
compounds 8 and BC (isodensity=0.05. Color scheme, Hydrogen—white, carbon—black,
nitrogen—blue, oxygen—red, sulfur—yellow).

Electron
NTOs

Hole
NTOs

Figure 5.5. Natural transition orbitals for the S; geometry (So—S: transition) of
compounds 8 and BC (isodensity=0.05. Color scheme,; Hydrogen—white, carbon—black,
nitrogen—blue, oxygen—red, sulfur—yellow).
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Table 5.2. Change in atomic charge from So to S; on the subunits of compound £ and fC.2

B BC

A D A D A A D A D A

Absorption® | —0.07 | +0.50 | — | +027 | —0.03| —0.19| +032| -025| +0.32| -0.19
0.66

Emission® | +0.07 | +0.64 | — | +0.03| 0.00 | -0.79| +0.61| +0.10| +0.08| —0.01
0.74

“Mulliken charge is given in e; "Calculated at So geometry; °Calculated at S| geometry

Table 5.3. Dipole moments (1) in Debye of ground and lowest excited singlet state for

compounds f and BC.
Compound State x Ly Uz Mot
So —0.10 0.08 0.01 0.13
B S1 —22.65 0.35 —-10.93 25.15
gC So 0.02 0.00 0.26 0.33
S1 32.89 1.55 4.13 33.18

5.4.4 Classical Two-Photon Absorption

Classical two photon excited fluorescence measurements were carried out on
chloroform solutions of B and BC upon 820 and 875 nm laser excitation. A quadratic
dependence of the fluorescence counts upon the laser power was verified during the
measurements carried out at 875 nm in all cases and at 820 nm only in the case of
compound BC. In fact, a slope of two resulted from the linear fitting of the log(counts) vs.
log (power) plots acquired during these experiments (Figures 5.6 and 5.14). Due to
compound B’s comparatively low linear absorption at ~410nm and low quantum yield, it
showed very low two-photon excited fluorescence counts with an 820nm excitation.
Coupled with scattering effects, a slope of 2 was not achieved for compound B at this
wavelength. The classical two-photon excited emission spectra recorded for both trimer

samples (Figure 5.6) resemble the steady state fluorescence spectra. This suggests that for
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these compounds the excited state reached upon biphotonic excitation is the same
populated by linear light absorption.

The classical TPA cross-sections of compounds f and BC show remarkable values of
tens and hundreds of GM (see Table 5.4). In all cases, the two-photon absorption response
of these PDI trimers is enhanced with respect to that exhibited by the monomeric PDI (ca.
1 GM).® This result is in agreement with the significant TPA ability discussed in the
literature for symmetrical molecular structures containing electron donor and electron
acceptor groups.*®*” It has to be noted that the classical TPA cross-sections are enhanced
by over one order of magnitude for the planar trimer SC (ca. 200—300 GM) with respect
to the twisted trimer f (ca. 10 GM). This trend in the cross sections is consistent with the
trend in the transition dipole moments of f and BC computed for the transitions
experimentally probed upon the 875 nm excitation (see Table 5.8). Moreover, the increased
two photon absorption cross section of compound BC compared to 8 reflects the higher
charge transfer degree resulting from the calculations for the excited state of the fused ring

connected planar molecule () with respect to its single bond bridged twisted analogous
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Figure 5.6. Power dependence of the classical two—photon excited emission (left) and
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two—photon emission spectra (right) for compounds 8 and BC in chloroform upon 875
nm excitation.

Table 5.4. Classical TPA cross-sections (9) obtained by Two—Photon Excited
Fluorescence measurements upon 820 nm or 875 nm laser excitation.
Compound | 6/ GM Aexc=820 nm | 8 / GM Aexc=875 nm

B — 115
BC 227 318

5.4.5 Entangled Two-Photon Absorption

Figure 5.7 shows the entangled two-photon absorption plots for the PDI trimers
(Compounds B and BC). The linear dependence of the entangled absorption rate on the
input photon intensity is a result of the strong correlation of the photon pair and their ability
to be simultaneously absorbed within a short time window, which is on the order of
femtoseconds. The linear ETPA curves are measured using input photon intensity on the
order of 10° photons/s. The used intensity was not high enough for the quadratic
dependence of random two-photon absorption to be seen. As previously observed, there is
a variation in the extent of absorption upon going from one molecule to another.*® Using
the slope of the ETPA curves obtained, the ETPA cross-section is estimated taking into
consideration the concentration of the chromophore used and the cuvette path length.

The calculated ETPA cross-section values are shown in Table 5.5 and are similar to
values measured for organic chromophores and biological samples in earlier
studies.?*?7-28:3048 Whereas classical two-photon signals could not be adequately observed
for compound f at the wavelength closer to 800nm, ETPA measurements did not face the
same challenges. The quantum interference of entangled photon pairs and their high
correlation allows for large enhancements in the absorption rate of ETPA, as seen by the

linear dependence as opposed to quadratic dependence on excitation intensity. Thus, ETPA
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presents as a good alternative to classical TPA due to this enhancement in resolution.
Results show that compound BC has an ETPA cross-section of 2.10 X 1078 cm?/molecule
which is higher than that of B, at 1.22 X 108 cm?/molecule. This is in accordance with
classical TPA data whereC had a higher classical TPA cross-section than 8. Additionally,

this suggests that planar derivatives do indeed have higher charge transfer than their twisted

analogues.
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Figure 5.7. Graphs showing entangled two-photon absorption rate of both dimers and
trimers investigated; compounds [ (left) and compound BC (right).

Table 5.5. Entangled Two-Photon cross-sections (og) of the investigated compounds

Compound ok ( X 10718 cm?*/molecule)
B 1.22
BC 2.10

In addition to characterizing charge transfer properties of molecules under study, ETPA
possesses the unique feature of determining the energy levels of virtual states that
contribute to the excitation process of multiphoton absorption. Due to quantum optical
properties of entangled photons, the ETPA signal oscillates as a function of entanglement

time. A time delay, T, between the signal and idler photons can be introduced in order to
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reproduce this nonmonotonic behavior of the ETPA cross-section with respect to T. The
signal-idler mutual delay is introduced using quartz plates of different thicknesses. The
quartz plates were placed such that the delay, 1, between the entangled photon pair allows
the photons to arrive at different times but still within the entanglement time, Te. Therefore,
-Te <1 < Tk and two-photon absorption of the entangled pair still occurs. The time delay
drives the population of particular optical transitions and thus, ETPA signal becomes

tunable without altering the incident photon frequency.
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Figure 5.8. ETPA graphs of compound B (blue) and compound BC (red) varied by a

time delay between the photon pair introduced by birefringent quartz crystals.

Shown in Figure 5.8 are ETPA graphs of the same concentrations of compound f and
BC, measured with various time delays. At 800nm, a quartz plate of Imm causes a delay
of ~28fs between the signal and idler photon of the entangled pair. By orienting the plate

with its fast axis perpendicular to the signal polarization plane of the BBO crystal, the
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signal photon is delayed with respect to the idler photon. In this experiment, 0.5mm, Imm
and 2mm quartz plates were used which serve as a 14 fs, 28 fs and 56 fs time delay
respectively. The entanglement time Tg, dictated by our specific light source and 0.5mm
BBO crystal is 63 fs as previously estimated®?. As can be seen in Figure 5.8, for both
compounds there is an observable change in ETPA signal as the delay between the signal
and idler photons is varied. Clearly, there is no direct increasing or decreasing trend
between ETPA signal and the time delay and the pattern is indeed nonmonotonic. Using
the linear slopes from Figure 5.8, the ETPA cross-sections were measured and are shown
in Table 5.6. These cross-section values are displayed in Figure 5.9 as a function of the
mutual time delay, t. Here, the nonmonotonic behavior is distinctly seen. This shows that
while the compound and the laser source wavelength are unchanged, the entanglement

properties can be adjusted to obtain different signals for the same molecule.
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Figure 5.9. ETPA cross-sections of trimer 8 and BC as a function of the signal-idler
mutual time delay, t. Inset: Extrapolation of experimental results over 400fs delay time.
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Table 5.6. ETPA cross-sections for B and C measured with a mutual delay between
the signal and idler photons of the entangled photon pair.

Time Delay 1 (fs) ok (1 X 107'® cm?/molecule)
B BC

0fs 1.22 2.10

14 fs 0.967 1.34

28 fs 0.815 0.988

56 fs 1.07 1.77

From Figure 5.9, the experimental data shows a period of ~65 fs for compound B and
~60fs for compound BC and it is apparent that the oscillation frequency in relation to time
delay is different for different compounds. Another interesting feature is that the change in
amplitude magnitude for compound BC is distinctly larger than that of compound . This
is of interest as compound BC also has the overall stronger ETPA rate (Figure 5.8) and

cross-section and thus the difference in molecular structure is playing a role in some way.

5.5 Discussion

Two PDI trimers which are analogous in structure but differ conformationally have been
studied. Computational results reveal that due to variations in the bonding between PDI units
and BDT units, from being connected by a single bond to being fused by ring connectors, the
structures go from twisted (compound f) to planar (compound BC) respectively. This
geometrical isomerism manifests in the steady state properties of the compounds. While the
absorption spectra for both compounds cover the same wavelength range, the absorption peaks
differ as a result of different intramolecular characteristics. Additionally, the emission of
compound f is significantly red shifted (790nm) and the Stokes shift for compound £ (264nm)
is much larger than that of compound BC (103nm). This large difference in Stokes shift may

suggest a large geometrical difference between the ground and excited state of the twisted
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compound.®’ Furthermore, this is seen in how the broad structureless emission of compound B
contrasts with the structured emission peak of the more rigid compound SC. Despite the
differences in planarity, solvatochromism studies show intramolecular charge transfer occurs
in both compounds upon excitation as a result of the electron donor, electron acceptor groups.
The extremely low quantum yield for compound f in comparison to compound SC (¢r is 0.003
vs. 0.09) suggests some non-radiative pathways in compound f, indicative that these
compounds have different energetic properties. In fact, a recent study conducted by members
of the Goodson group showed that while the stronger intramolecular charge transfer character
in the planar BC compound leads to triplet formation via conventional intersystem crossing
(with a triplet yield of 16%), the entropic gain allowed by the twisted trimeric structure of
compound B leads to a high triplet (170%) and fast intramolecular singlet exciton fission.>
In order to gain an understanding of the energetic and excited state dynamics of these
compounds, we first investigated them via transient absorption spectroscopy. The distinct
excited state absorption (ESA) signals observed in the time resolved transient absorption
spectra give information about the charged species produced upon photoexcitation. Mainly,
the 740nm ESA that is assigned to the negative PDI radical and the ESA in regions between
550 and 600nm which are assigned to the radical cation. Although the radical cation peak is
very pronounced for compound S, the radical anion peaks are much less so. In contrast, for
compound BC, the bands for both the cation and anion have equal prominence in the spectra.
These results suggest that compound € has more evenly distributed charge separation than
its twisted derivative. The development of these charged species and proposed charge transfer
are in line with computational results. Quantum chemical simulations reveal that in the case of

compound B, charge transfer occurs towards the center of the compound whereas in compound
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BC, the planarity of the compound leads to charge displacement throughout all PDI units of
the trimer (Figure 5.4). Calculated charge transfer degree between acceptor fragments (PDI)
and donor fragments (BDT), show higher charge transfer for compound £ C than for compound
B, confirming previously obtained results that planar compounds have higher charge transfer
than their twisted alternatives. These results give an idea of the excited state characteristics,
but more information is needed to describe the dynamics of the transitions that lead from steady
state to excited state.

Two-photon absorption measurements provide information about the molecule’s dipole
moments upon interaction with an optical field and determines the strength of the polarization
changes for the transitions taking place.’! Classical two-photon measurements are highly
dependent on wavelength and the one-photon absorption of the molecule under consideration,
as observed with our results. We were unable to obtain classical TPA cross-sections for
compound S at one of the wavelengths utilized due to its linear absorption at this wavelength
and low quantum yield. Compound B has relatively low two-photon signals, and this becomes
more prevalent at wavelengths where linear absorption is less intense. For the 875nm excitation
where TPA cross-sections could be measured for both compounds, the cross-section of
compound BC is drastically higher than that of compound B, with an order of magnitude
difference. This is consistent with transition dipole moments computed for the corresponding
transitions. ETPA has been shown to be a more sensitive TPA measurement method.?”-°
Furthermore, ETPA can be used to obtain a time delay dependent two-photon spectra, and thus
energetic information about the transitions are provided without having to alter the wavelength
used. In contrast to classical TPA, ETPA signals for compound f could be measured at a lower

wavelength of ~800nm. Indeed, the ETPA absorption rates for compound B are smaller than
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for compound BC, however, whereas there is a difference of 20 times between the classical
TPA values for compound B and BC, with ETPA the cross-section for compound BC is only
twice that of compound . This leads us to question why we see this enhancement in cross-
section of the twisted molecule relative to the planar molecule in the entangled case. The ability
of entangled light to discern such low signals at low photon flux and result in certain
enhancements speaks to its advantage as a spectroscopic tool. Moreover, the time delay
experiments aid in determining any difference in dynamics there may be that contribute to
these responses.

To further examine the experimentally obtained time delay ETPA pattern, we use
simulations to fit this data. From previous computational studies, it has been found that a
modulating wave, which we will refer to as an envelope wave, that overlaps the molecule’s
more complex oscillation can be characterized.?® The dominant pathways interfere to form the
complex oscillations, while the difference between their frequencies is equivalent to the
difference in frequency between the maxima of the envelope wave. It has also been stated that
variations in c. can be greater than 2 orders of magnitude but would require tuning of t with
exact femtosecond precision to achieve all possible values. Thus, the experimental values
obtained with the quartz plates are assigned as the upper limit of the envelope wave that
contains the complex ETPA oscillation pattern and there may be oscillations within smaller
time periods due to destructive interferences that were not observed experimentally due to the
limited thicknesses of our quartz plates.

To determine the exact complex ETPA pattern of each compound, computational
modelling of the ETPA cross-section, o, to fit experimental data was carried out. cec can be

expressed as:3?
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n'a)p

0.(T,, 1) = AT, 5(€f — &5 — a)p) X |ZjAj{2 — exp[—iAj(Te — T)] —
exp[—iAj(Te + r)]}|2 Eq.5.1

where Ae and Te are the entanglement area and time respectively; w,, is the pump frequency;

& and g4 are the final and ground state energies respectively; A; is the detuning energy
Ai=¢ —¢g5 — / 2), with j ranging over intermediate states; A; = Ay and D; being the

dipole moment operator. In our case, D; comprises of both transition dipole moments (g, i 5)
and permanent dipole moments (Au).2® Thus, with all these parameters known, a Fourier
analysis of the resultant graph of ce as a function of T produces peaks that reveal A;. From this,
the exact values of virtual state energies (¢;) that contribute to the ETPA can ultimately then
be determined. To obtain accurate models, the experimental values are extrapolated over a
greater delay time range as seen in the inset of Figure 5.9. Since the entanglement time and
entanglement area are set and the pump frequency is known (where & is in resonance with w,),
the calculated excitation energies and dipole moments can be used over a range of t to fit the
precise oscillation pattern of each molecule. The periods of the envelope waves can be given

as:??

T= —2717'[ Eq 52

lws]-lw:ll
For our simulations, all energy levels, their permanent dipole moments and the transition
dipole moments for each So=> S, is known from quantum chemical TD-DFT calculations. The
energy levels closest to the pump energy (sum of entangled photon energies) is chosen as the
final state. Energy levels with frequencies in resonance with the entangled photon frequencies
are initially assumed to be a dominant transition, and the frequency of the subsequent dominant

transitions are determined from equation 5.2 using the oscillation period found experimentally
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(65 and 60 fs). The ground state and final state dipole moments are known, so the permanent
dipole moment difference, Ay is known and included in simulations. For compound f, the
final state is the S23 transition. The difference between dominant pathway frequencies is
3380cm! or 0.419¢V, and transitions with this energy difference along with their transition
dipole moments are used to simulate the ETPA oscillations until the best fit is found. For
compound BC, the final state is the S20 state. The difference between dominant pathway
frequencies is 3490cm™! or 0.432¢V. With our TD-DFT calculations, transition dipole moments
from intermediate to final states cannot easily be calculated. However, since experimental
values were obtained, we are able to infer these excited state transition dipole moments such
that the resulting ETPA values fit our experimental data. Thus, we successfully combine
experiment and computational work to produce a model of the ETPA pattern for each
compound.

The resulting ETPA patterns are shown in Figure 5.10, overlaid with the experimentally
obtained envelope wave. For compound f, when the transitions closest to resonance with the
entangled photons are used to compute the ETPA simulations, the resulting cross-section
ranges are far greater which suggests that their contribution may be suppressed by some other
process. The transition dipole moments of states with the appropriate energy difference
dictated by equation 5.2 are used to compute the ETPA pattern for compound g until the best
fit is found, resulting in an overlap of the upper portion of the oscillations with the
experimentally obtained values (Figure 5.10). The upper values coincide well with the
experimentally measured cross-sections and for the lower values, it is possible that these were
not seen experimentally as we did not have smaller tuning of 1. The destructive interference

from different energy levels is seen by the smaller peaks within the higher peaks that match
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the experimental oscillation period. For compound SC, the permanent dipole moments of the
ground and final states as well as transition dipole moments for the dominant pathways were
used to compute ETPA cross-section oscillations. As seen in Figure 5.10, this results in good
correlation with experimental data. Again, destructive interferences are seen within the main

period obtained experimentally.
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Figure 5.10. Graphs showing calculated pattern of ETPA cross-section as a function of

time delay (t) for compound B (left) and compound PBC (right), overlaid with

experimentally obtained envelope wave

A Fourier analysis is performed to determine the frequency spectra (ETPA spectrogram)
from the calculated ETPA versus time delay graphs. This becomes the first use of experiment
to fully realize virtual-state spectroscopy. To obtain such distinct peaks, the Fourier transform
had to be carried out over a broad picosecond range of 1. Frequency spectra were first obtained

using a very small range of T (200fs) and this confirmed that the higher range indeed presented

much higher resolution for frequency peaks. The graph shows distinct peaks for A; of

compound B (blue) and compound BC (red). The energy of these states are given by, & =
£4; + (& + “7/,). Th ds’ ground 0 and “P/, is half of
T4 & + 2). e compounds’ ground state energy, &;, was set to 0 an 2 1shalfo

the pump photon energy. The amplitude of the peaks in the spectrogram are proportional to the
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square of the term A; which contains the dipole matrix elements D; with rovibrational or

electronic transition moments.>? Therefore, only states with relatively significant contributions

to the ETPA emerge in the spectrum.
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Figure 5.11. ETPA Spectrogram from Fourier transform of ETPA cross-section as a
function of time delay showing intermediate state energy peaks of compound B and BC.

Table 5.7. Virtual state energies for

compounds 8 and BC attained from ETPA

spectrogram.
Compound B Compound BC
Aj (em™) Virtual State energy (nm) | A; (cm™) Virtual State energy (cm™)

& + & — & + & —

4096.17 589.67 1140.72 3915.8 616.11 1190.59
3582.48 608.09 1077.58 3335.7 638.95 1113.67
3068.79 627.69 1021.06 1959.9 700.53 965.7
2048.08 670.66 924.68 1380.98 730 914.5
1534.39 694.59 882.76 580 775.49 852.15
513.68 747.59 809.79 -- --

It can be seen in Figure 5.11 that there is a blue shift in the frequencies of virtual states of

compound f compared to compound BC. Additionally, the spectrum of compound BC is at an

overall higher amplitude than that of compound f, with one peak with a comparatively high
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amplitude. This is expected as compound BC has the higher cross-section values, therefore the
Fourier transform will result in higher amplitudes. The peaks of compound f although lower,
occur over a broad amplitude range, suggesting high contributions of virtual states. We
consider first ¢ + and secondly &; —, which are low-lying energy levels. For compound B, the
& + of A; 513.68 cm™ corresponds to ~747nm which is the S1 transition, suggesting that the
S1 state may be an intermediate state for entangled two-photon absorption or resonant with an
intermediate state of ETPA. This position was also pronounced in the transient absorption
spectra. In fact, the intermediate state energy peaks for compound f range from 747nm to
590nm, which is where the transient ESA behavior is most evident. As such, it seems virtual
state energies can be correlated with transient species. Similarly, the & + of A; 1534 cm™ is
695nm which corresponds to the S4 transition. While these two intermediate transitions
coincide very closely with the stationary Born-Oppenheimer (BO) transitions of S1 and S4,
the other virtual states lie between the BO states and are indeed non-stationary virtual states.
On the other hand, all the virtual states of compound BC are at lower energy levels than the
BO states. Comparing this to the dynamics of compound B, this suggests that the intermediate
pathway is more prominent for the twisted trimer; the intermediate states are both virtual (non-
stationary) and definite stationary states. This high contribution from BO intermediate states
for compound B may lead to what is seen as an enhancement of its ETPA signal relative to

compound BC compared with classical results.
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Figure 5.12. Energy level diagrams of compound B (blue) and compound BC (red) with
virtual state energies for each compound shown to the right of the energy levels with black
arrows. The transition states near resonant with the entangled photons are indicated.

The ¢; £ values for both compounds are lower than the pump photon energy and in some

cases are resonant or close to resonance with the entangled photon energy (Figure 5.12). For
compound B, the & — value of 747nm is strongly resonant with the pump photon energy
(800nm) with a low detuning energy of 876 cm™ and thus will act strongly as an intermediate
state. This again confirms that compound B undergoes ETPA via the intermediate or virtual
pathway and speaks to the enhancement seen in its ETPA signal. However, such low detuning
would ideally result in higher cross-sections and as was seen in our simulations, the full effect
of this strong resonance was not observed experimentally. In fact, the peak of this intermediate
state (farthest right on Figure 5.11) shows a relatively small contribution. From the previous
study®® which has shown that ultrafast processes such as intramolecular charge transfer
compete with intramolecular singlet fission (iSEF), it is possible that the iSEF process that has

been shown to be present for compound B°° may affects its ETPA cross-section. The double
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triplet state ('TT) is energetically accessible from the S; state. Therefore, it is possible that
contribution from the S state to ETPA is reduced as it competes with the formation of this
double triplet state. There is still an enhancement of the cross-sections of f relative to fC with
ETPA compared to classical TPA because as has been shown previously, ETPA is highly
sensitive so better able to resolve to small pathway contributions compared to classical TPA.°

On the other hand, while the intermediate energies of compound € do not coincide with
any stationary states of the compound and in fact lower in energy than any of the energy levels
of BC (Figure 5.12), they are close to resonance with the entangled photons, therefore leading
to the relatively high cross-section on the order of 10-'® compared to molecules showing cross-
sections on the order of 10!° and below.?’3%3 With higher transition dipole moments or
stationary states close to these virtual states, the cross-section may have been higher still.?*>3
Knowing information about these intermediate levels significantly modifies our understanding
of their excitation processes. It shows that we may be able to probe different types of states
and gives a broader picture of the energetics at play. If we are able to gain such information
about other compounds with known useful applications, we will be able to implement this

knowledge to more effectively synthesize materials with the necessary properties.

5.6 Conclusion

Our results show us spectral dynamics of the steady state, excited state (transient) and
virtual intermediate states of both compounds. To the best of our knowledge, this is the first
time entangled photons have experimentally been used to achieve virtual state spectroscopy.
Our study demonstrates that intermediate states can correspond to virtual non-BO states or

stationary BO states and this affects their significance to excitations and how they subsequently
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determine properties such as charge transfer character. In cases where the experimental
observations need to be better understood, a broader picture using virtual state spectroscopy
may aid in understanding the energetics at play. Furthermore, these virtual states can be related
to transient species observed with femtosecond transient absorption spectroscopy and other
proposed mechanisms occurring in the compound. We believe that with fine tuning of the delay
time, virtual state spectroscopy can be used done with better femtosecond precision and over
a longer period of times. It can be used to better determine what states entangled photons may
probe and learn more about these states. Thus, it can be applied to optical materials to learn

more about their photophysical properties.
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Figure 5.13 Normalized absorption and emission spectra of compound BC in toluene
(blue) and chloroform (red).
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Figure 5.15 Power dependence of the two—photon excited emission for compound 2 in
chloroform upon 820 nm excitation.

Figure 5.16. Ground state optimized geometry computed for compounds B and BC (top
view for the upper panel, and side view for the lower panel. Color scheme: Hydrogen—
white, carbon—nblack, nitrogen—blue, oxygen—red, sulfur—yellow).

Table 5.8. Computed transition energy, nature and oscillator strength of the lowest excited singlet
states of 1 and 2 in chloroform, together with the experimental absorption and emission maxima (Aexp).

compound transition Acale / NM f Aexp / NM
So—Si 745 0.33 630°"
So—S7 537 0.26 526
So—S17 452 1.06 450"
B So—S29 374 0.18 366
Si—So 925 0.32
S>—So 800 0.12 790
So—S; 602 1.02 605
So—Ss 514 0.32 510
gC So—Sis 436 0.53 414
So—S2» 397 0.34 394
S1—So 646 0.45 613
S>:—So 596 0.49
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Chapter 6
Investigating Molecular Optical Properties with Hong Ou Mandel Interferometry

This chapter is adapted from a manuscript
Eshun, A.; Gu, B.; Varnavski, O.; Dorfman, K.; Asban, A.; Mukamel, S.; Goodson
II, T. “Investigations of Molecular Optical Properties Using Quantum Light and
Hong-Ou-Mandel Interferometry”
which has been submitted for review for publication. Supporting Information is
included in this chapter.
6.1 Abstract
Entangled photon pairs have been used for molecular spectroscopy in the form of entangled
two-photon absorption and have been used in quantum interferometry for precise
measurements of light source properties and time delays. Here we present an experiment that
combines molecular spectroscopy and quantum interferometry, by utilizing the correlations of
entangled photons in a Hong-Ou-Mandel (HOM) interferometer to study molecular properties.
We show that the HOM signal is sensitive to the presence of a resonant organic sample placed
in one arm of the interferometer and the resulting signal contains information pertaining to the
light-matter interaction. With this effect, we are able to extract the dephasing time of the
coherent response induced by the excitation on a femtosecond timescale. A dephasing time of
102fs is obtained, which is relatively short compared to times found with similar methods and
taking into consideration linewidth broadening and the instrument entanglement time As the

measurement is done with coincidence counts as opposed to simply intensity, it is unaffected
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by dispersion effects, and since interactions with the molecular state affect the photon
correlation, the observed measurement contains only these effects and no other classical losses.
The experiments are accompanied with theory which predicts the observed temporal shift, and
captures the entangled photon joint spectral amplitude and the molecule’s transmission in the
coincidence counting rate. Thus, we present a proof-of-concept experimental method based of
entangled photon interferometry that can be used to characterize optical properties in organic
molecules, which can be expanded to other fields in materials chemistry and biology, and can
in the future be expanded on for more complex spectroscopic studies of non-linear optical
properties.
6.2 Introduction

Our growing understanding of quantum light over the years has led researchers to utilize
its unique properties towards advancements in quantum information science, in the fields of
computing, cryptography, imaging and quantum sensing.'~* Of particular interest has been the
subject of spectroscopy with quantum light, as it offers avenues to overcome classical Fourier
limitations, the opportunity for enhanced light-matter coupling due to its distinct photon
statistics, and novel control knobs defined by the quantum photon field wave function. So far,
quantum light spectroscopy has been approached experimentally with entangled two-photon
absorption studies® !¢ via absorption, fluorescence and microscopy. These measurements have
provided great progress with enhanced resolution in two-photon cross-section measurements
as well as the ability to conduct spectroscopy at extremely low light intensities, limiting the
risk of damaging the studied sample. We now wish to develop experimental quantum light
spectroscopy even further. In this work, by exploiting the correlations of entangled photon

pairs via two-photon interferometry, we seek to illustrate a new method of spectroscopy to
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study molecular properties using a Hong-Ou-Mandel (HOM) set up, which has not yet been
used to probe molecules experimentally in such a way.

Due to the unique quantum interference properties of the HOM phenomenon, it presents
itself as an interesting and robust outlet for investigating quantum light-matter interactions. We
have designed and set up an experiment where, as a result of the quantum interference of the
indistinguishable photons, we observe the effect the sample’s presence in the interferometer
path has on the light’s photon statistics as opposed to simply the intensity, which provides
information on the light statistics as well as features of the light-matter interactions. Being able
to utilize interferometric schemes to detect linear and nonlinear susceptibilities with quantum
light can improve the accuracy of our measurements of these material susceptibilities due to
the increased sensitivity of quantum interferometers.!”-!® Furthermore, the susceptibilities can
be connected to other physical properties of the matter such as coherence dephasing times, and
in this article, we seek to make this connection through theory and extract the molecule’s
dephasing time from experimental data. This experimental scheme presents a novel and
accessible way in which we can measure molecular optical properties with quantum light and
serves as a model to be expanded on and adapted for future more complex spectroscopic
studies. While the setup of an interferometer can be tedious, it is far less daunting and less
involved than large expensive femtosecond laser systems usually used for time-resolved ultra-
fast or high-resolution spectroscopy. Improvements have been made in the field of quantum
optics making the building of such HOM interferometers accessible to many researchers.!?-2
Thus, this straightforward interferometric setup can be used in place of complex laser systems,
to interrogate the dynamics of and interactions between molecular states with the advantages

of quantum light.?} As the interest in entangled light applications grows and more studies
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23-26 we present experimental

consider the possibility of utilizing it for spectroscopy,
confirmation of a method that can be expanded into various fields that require sensitive
spectroscopy of molecules.

The phenomenon of quantum interference with entangled light states is well understood
and has been utilized in quantum optics mainly for metrology and quantum light
characterization.?’” The nonclassical properties of photon pairs generated from Spontaneous
Parametric Downconversion (SPDC) allow them to be used for a variety of interferometric
purposes such as the Hanbury-Brown-Twiss?® (HBT) and Hong-Ou-Mandel (HOM)
interferometers. The HOM interferometer is a two-photon interference effect that measures the
indistinguishability of photon pairs.?’ This two-photon interference at a beam splitter was
initially exhibited by Hong, Ou and Mandel in 1987% and Shih and Alley*® and has been used
in testing nonlocality, Bell-state measurements, quantum metrology and in building quantum
optical logical gates.>! An HOM interferometer measures the quantum interference resulting
from the interference of probability amplitudes of 4 different two-photon Feynman paths, when
indistinguishable photons are incident on a 50/50 beam splitter (Figure 6.1). When
indistinguishable photons arrive simultaneously in time, they destructively interfere leading to
null coincidence counts at two detectors connected in coincidence. The temporal width of the
resulting dip, is the inverse of the bandwidth of the SPDC spectrum and the coherence time of
the entangled photons.

While the presence of a simple refractive or birefringent material in the interferometer
pathway can lead to polarization mode dispersion which degrades entanglement and causes
temporal delays,>? it is theorized that the presence of an absorbing material in an interferometer

would result in a much more complex modification to the coincidence signal.’*** Such
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experiments with entangled light interferometers have been proposed.?*¥-¢ One study was
carried out on inorganic crystals where Kalashnikov et al’” used a similar experimental outlook
to conduct time-resolved measurements focused on coherent dynamics of inorganic
nanostructures.’’” The study’s focus was on the ability to use entangled photons for
measurements of a medium’s dephasing time with the HOM dip. However, their work
considered solid crystals and nanostructures which are much easier to probe. In our work, we
assess the sensitivity of the experimental setup and possibility of expanding it into more fields
by conducting measurements on organic molecular chromophores. Changes caused by
molecules that are at unsaturated concentrations and do not have molecular aggregates will be
more subtle, therefore, the HOM signal must be shown to be perceptible to these light-matter
interactions. Furthermore, the inorganic crystals used in Ref. 35 have narrow resonances
whereas the typical linewidths of organic and biological systems are much broader. For such
crystals, homogeneous broadening dominates inhomogeneous effects and therefore it is easier
to account for any slight changes caused by inhomogeneous broadening. By conducting the
experiment with an organic chromophore, we show that the dephasing time can still be
extracted despite the greater inhomogeneous broadening effects in organic molecules. In the
case of our experiment, the SPDC spectrum is narrower than the molecule’s linewidth. Thus,
we show that subtle changes caused by organic chromophores can be perceived by our
experiment and that information can be extracted even when the SPDC spectrum is narrower
than the molecule’s linewidth.

In our experiment, a resonant absorbing medium is placed in the signal arm of the
interferometer. The signal beam transmits through the sample and subsequently becomes

modified by its susceptibility (y*)), acquiring a phase shift for the different frequency
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components which introduces a delay in the signal mode. The idler beam undergoes a
frequency independent phase shift, compensating for the shift caused by the molecular
interaction which introduces a time shift to the observed HOM dip upon recombination and
interference of the signal and idler beams at the beam splitter. As there is quantum interference
between the signal beam and the molecular states, the idler is not able to fully compensate the
acquired modification and hence, there is a change in the shape of the HOM dip i.e. loss of its
symmetry. The molecule-induced modifications to the signal mode are frequency dependent
as encoded in (y™)), thus, the interaction with the sample breaks the exchange symmetry.
Upon coherent excitation of the sample, the phase acquired by the propagating photons and
corresponding group delay contribution leads to an asymmetry of the HOM dip that lasts for
the duration related to T, for single resonance in absorption. Therefore, measuring the
asymmetry caused by the group velocity may provide a measurement of the dephasing time.
A longer asymmetric tail for the HOM picture will correspond to a longer T, for a single
resonance.

The indistinguishable biphoton pair have a commutation relation which should equal zero
at full indistinguishability.*® As well described by Szoke et al*®, spectroscopy using HOM
interference should measure how entangled light-matter interactions from a sample in the
interferometer path will modify the commutation relation.®® In that regard, the correlations
between the photon pair are affected; the time at which the photons of the entangled pair
overlap is shifted, and our measurements taken as a function of time allow us to obtain time-
resolved data pertaining to the sample. Moreover, measurements of coincidence counts take
into account changes of one photon with respect to its conjugate photon. Therefore, we

measure alterations caused by the material as the interaction affects the statistics and
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indistinguishability of the photon pair. Since we measure the photon correlations, we are
ensured that any observations are a result of the light-matter interaction only. Similar to
advantages offered by entangled photons in other interferometric setups like quantum polarized
light microscopy and quantum optical coherence tomography,* the two-photon NOON state is
more phase sensitive!® than classical counterparts, thus, our experimental HOM interference
method should offer a quantum advantage with fewer sources of systematic errors with fewer
photons.!® In addition to the benefits of low intensity and lower noise that can be achieved
using entangled photons, this quantum interferometry setup has the advantage of being able to
probe optically thick samples and samples with intrinsically high optical densities for which
conventional classical transmission spectroscopy techniques may show limitations. The role
of dispersion compensation which is specific to HOM interferometers, is not found in classical
spectroscopy, therefore HOM interferometers offer more accurate time-resolution without
having to account for dispersion.

It is important to have the appropriate theoretical formalism to analyze the observed results
from an HOM interaction and we believe the lack of understanding on how to interpret this
light-matter interference signal has set back the implementation of this spectroscopic method.
As the light-matter interactions are encoded in the field correlations, the entangled biphoton
state and sample transmission are used to obtain electric field operators of the photon mode
through the sample, and this along with the beam splitter transformation are used to determine
the coincidence counting rate. The counting rate depends on the joint spectral amplitude (JSA)
which relates to the pump pulse and phase-matching function of the SPDC photons. This joint

spectral amplitude, f(ws, w;), determined by the bandwidth and frequency of the pump and
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the properties of the nonlinear crystal, encodes the correlation between the frequencies of the
SPDC photon modes (wg and w;).

As depicted in Fig. 6.2, a femtosecond laser is used as the pump in SPDC generation with
a Type-1I SPDC BBO crystal. The entangled photon pair (signal and idler beams) are separated
by a polarizing beam splitter. A molecular sample is placed in the signal photon beam and a
delay line in the idler photon beam, before the two beams recombine at a beam splitter and
coincidence is measured. A theoretical framework for linear spectroscopic signals with an
HOM setup is presented and specialized to this setup, the coincidence counting rate (R, (7)) as

a function of the optical delay T between the two photon beams is given by:
Ty /2
R.(1)=4 f_T /Zdt (dT(©ct(t+ Dt +1)d (D)

-y (% — > [ dodo'f*(w,0") f (o, 0)T* ()T (@)e! " w’)f), Eq. 6.1
where f(w’, w) is an amplitude of the two-photon wave function (see Eq. 6.4) and T(w) is a
matter transition amplitude, which contains susceptibility (see Eq. 6.5). T, is the detection
window and the constant A depends on the incoming photon flux, the efficiency of the photon
detectors, and propagation losses. c(w), d(w) (cT(w),d"(w)) are the boson annihilation
(creation) operators corresponding to the photon modes detected by the two photon detectors
of the coincidence signal. The transmission function, T(w) =~ 1 + iwL #fi(w)/c for the signal
photon arm encoding the matter influence on the transmitted field, with 7i(w) the complex
refractive index of matter, L the sample thickness and ¢ the speed of light. Integrating over
frequencies in Eq. 6.1 corresponds to “blind” detectors, which detect photons of all

frequencies. Eq. 6.1 reveals how the matter modulates the coincidence count rate; an intuitive

way to understand this is that the effective JSA after interacting with matter is f (wg, ;)T (ws).
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In addition to the joint spectral amplitude which relates to the light field, the coincidence rate
depends on the sample’s susceptibility. Therefore, the coincidence rate contains matter
information. From this connection between the matter properties and the HOM coincidence
rate, it is possible to use the obtained HOM signal to determine optical properties of the
molecule. As the signal contains the full linear susceptibility of the molecule, we utilize this to

directly extract the molecule’s dephasing time upon coherence excitation.

Indastinguishable
photons impange on a

e S5Ov50 beam splitter

g T
P+ Vet

Destructive Interference

Figure 6.1. Schematic of possible Hong-Ou-Mandel (HOM) interferometer pathways.
Indistinguishable photons are incident on a 50:50 beam splitter from orthogonal directions
and each photon is either reflected or transmitted. In the first two pathways, one photon is
reflected, and one transmitted and coincidence counts detected. In the last two pathways,
both photons are either transmitted or reflected, leading to destructive interference and
null coincidence counts.
6.3 Experimental Setup
Our experimental setup (Figure 6.2) consists of entangled photons generated using

a mode-locked 800nm Ti:Sapphire laser (Spectra-Physics MaiTai) with 100 fs pulses at a

repetition rate of 80MHz. A 400nm beam is produced via second harmonic generation
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(SHG) with a Imm thick B-Barium Borate (BBO) crystal. The power after SHG is set using
a neutral density filter on a translation stage. This 400nm beam is subsequently used to
pump a Imm BBO crystal cut for Type-II SPDC. The generated photon pairs have
orthogonal polarizations and are frequency degenerate (wy = w;) with a half opening
angle of 5°. The SPDC crystal is placed in a rotating holder, such that the angle of the
crystal with respect to the beam can be tuned to alter the phase-matching direction. The
angle is then positioned to set the phase-matching orientation to collinear, such that the
SPDC rings are “touching”. A pinhole aperture is used to select the central overlap portion
of the SPDC rings in the collinear phase-matching arrangement. Spatial arrangement of
SPDC is confirmed by imaging with a CCD camera (Diffraction Limited STF-402M).
After SPDC generation, any spurious 400nm light is filtered out with a dichroic mirror and
interference filter (12nm transmission centered at 800nm). The 12 nm filter was used for
initial scans to obtain the dip, since a narrower filter leads to better depth.>” The blue box

in Figure 6.2 represents the input to the interferometer.

Ti:Sapphire 800nm

Dichroic
IF Mirror

BBO
Crystal

I

SPDC Variable
Filter

Pinhole

Generation

Photodetector

Figure 6.2. Femtosecond laser and SPDC generation with Type-II SPDC BBO crystal.
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At the input of the HOM interferometer system (Figure 6.3) the entangled photons
interact with a polarizing beam splitter creating two pathways; one for the signal photons
and one for the idler. After the beams are separated, a time delay is created in one arm of
the interferometer using parallel quartz wedges placed on a motorized translation stage
(Thorlabs MTS25), with resolution < 0.5fs (0.1um). This delay is adjusted by increasing
the thickness of the quartz wedge through which the beam passes. A quartz plate is placed
in the second arm of the interferometer to compensate any disparity in the lengths of the
two paths. A sample (or solvent) in a 2mm path length quartz cuvette is placed in this
second arm (which does not have the delay line). The mirror in arm 2 after the sample is
mounted on a stepper motor controller translation stage (Thorlabs LNR25ZFS) to allow
micrometer precise alignment of the length of the 2 beam paths. The entangled photon pairs
from the two arms of the interferometer then recombine and interfere on a 50/50 beam
splitter. After recombination, any information regarding polarization of the light is erased
with polarization analyzers at the transmission and reflection output ports of the beam
splitter, set at 45° relative to the incoming rays to maintain indistinguishability. The beams
are focused onto the photosensitive area of single photon avalanche photodiodes (Perkin
Elmer SPCM-AQR-13) which are connected to a coincidence counting module (Ortec
NIM7400, 10ns coincidence window) in order to detect the photon rate in coincidences.
Coincidence counts are measured as a function of time delay to obtain the HOM dip.

Since the 800nm SPDC light is in the infrared range and not visible to the eye, an
external visible He-Ne laser (not shown) was used to aid the alignment process. It is
necessary that the beams from both paths are aligned both spatially and angularly to ensure

a perfect overlap (at the beam splitter and at the detectors) and indistinguishability. Using
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the He-Ne laser, the reflection of the beams exiting the final beam splitter can be projected
onto a note card or a wall and discrepancies in the beams’ positions can be better observed.
Once the beams overlap and the translation stage is set to the correct zero delay position,
interference fringes should be discernable in order to confirm that the interferometer is well
aligned. The He-Ne laser can then be removed for the SPDC light beam to travel through
the setup to the detectors and coincidence scans to be measured as a function of time delay.
Before HOM delay scans were performed, polarization visibility tests were carried out to
determine the degree of polarization entanglement of the SPDC light to ensure that

entanglement is high enough for indistinguishability to be seen in the HOM measurements.
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Figure 6.3. Scheme of HOM interferometer. Entangled photon pair separated by a
polarizing beam splitter. A molecular sample is placed in one arm and a delay line in the
other, before beams recombine at a beam splitter.

In this test, the polarization analyzer at one detector is kept constant while the other

analyzer is adjusted, and coincidence counts are measured as a function of this polarizer
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angle, showing where there is maximum entanglement. When the polarizer angle at
detector A is orthogonal to that at detector B, the maximum coincidence counts are
observed, confirming the polarization entanglement of the photon pairs. Alternatively,
when the polarization angles are the same, no coincidences are detected since detector A
does not register the twin photon of the entangled photon pairThe graph of polarization
visibility is shown in Figure 6.4 and shows a visibility of 90 + 2% which is an appropriate

value for measurements.
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Figure 6.4 Graph showing polarization visibility. Normalized coincidence count rate as a
function of polarizer angle (red). Singles count rate as a function of polarizer angle

(green).

Two chromophores were used in this study; one with no one-photon absorption at
800nm and another with an absorption peak resonant with the 800nm entangled photons.
The well-known and commercially available dye Coumarin 30(Fig. 6.5(c)) with absorption
at ~415nm (Fig. 6.5(d)) is used as the off-resonant sample and a control measurement. The
main molecular system investigated is the dye IR-140 (Fig. 6.5(a)) as its maximum
absorption at 800nm (Fig. 6.5(b)) makes it an ideal resonant medium with the entangled
photon spectrum. The sample has a single absorption peak with a broad spectrum, from

~700-850nm. While a 12nm interference filter was used for initial scans, due to the broad
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absorption band of the molecule an interference filter with a 40nm transmission was used
for scans with solvent and sample to ensure there is an adequate overlap between the

spectra of the entangled photons and the sample.
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Figure 6.5. (a) Molecular structure of IR-140. (a) Normalized absorption spectra of IR-140
dye. Concentration 20uM. (c) Molecular structure of Coumarin 30. (d) Normalized absorption
spectra of Coumarin 30 dye. Concentration 29 uM.
6.4 Results
6.4.1 HOM Dip
The typically narrow bandwidth of the SPDC type-II photons*® is on the order of
~10-20nm. In our experiments the spectrum of the SPDC field is determined by the
transmission curve of the interference filter used after SPDC to block out the remaining
pump beam. Furthermore, HOM depth is better with a filtered spectrum to reduce
distinguishability.>® Thus, to first observe the HOM dip, an interference filter centered at

800nm with FWHM of 12 nm is utilized for alignment. With this, the HOM dip is

characterized as seen in Figure 6.6 showing the normalized coincidence counts as a
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function of time delay. The photons of the SPDC entangled pair travel separate but equal
pathways and impinge on the beam splitter from opposite sides. The probability amplitudes
of the paths with both transmitted, “t-t”, and both reflected, “r-r”’, have the same amplitude
but different relative phases. Thus, because it is impossible to distinguish the photons in
these paths, they destructively interfere, leading to a drop in coincidences at zero delay
when the indistinguishable photons overlap perfectly in time. A unitary transformation
(which will be discussed in more detail) occurs at the output channels of the beam splitter,
and project the input state of the photons into a NOON state where both photons of the
entangled biphoton pair exit the beam splitter from the same output port. This superposition
of the biphoton pair causes the signature bunching effect as a result of the bosonic

properties of photons.*
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Figure 6.6. HOM dip measured without sample. Coincidence counts shown as a function
of time delay.

Shown in Figure 6.6 are direct normalized coincidence counts measurements with

no corrections or subtractions, shown as a function of the time delay. The visibility is on
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the order of 40%. While imperfections in the visibility can be caused by factors in
alignment and background events related to mixed states and two-photon components that

! correlations have been drawn between the spectral properties of the

do not interfere,*
SPDC photons and the resulting visibility. The broader joint spectrum width of type-II
SPDC using ultrafast pulsed laser systems compared to pumping with CW lasers or using
Type-I SPDC, has been shown both theoretically and experimentally to reduce the quantum
interference visibility of the HOM dip due to the large range of frequencies and wave vector
modes.*®*># An investigation on the effect of spectral information and distinguishability
in Type-II SPDC with a broadband pump showed that as the pump bandwidth is increased,
the overlap between the pump envelope and the phase-matching function also increases,
leading to a larger range of frequencies in the downconverted photons, therefore greater
distinguishability and lower visibility.*® They were able to integrate an equation for the
coincidence rate of the HOM counts, where R .(J7) « o (where o is proportional to the
pump bandwidth) shown in Eq. 2.% For the CW pump limit, 0 — 0, therefore the
coincidence rate at the dip can go to zero. Alternatively, as ¢ increases and the beams
become more distinguishable, the lowest coincidence rate also increases and the visibility
is diminished. Using smaller crystal lengths (<0.5mm) as well as narrow spectral filters
can improve visibility*’ and their calculations showed visibility of ~20-25% with an 8nm
filter, in line with our result with a 12nm filter. Previous experimental studies have obtained
HOM visibilities with ultrafast pumped type-1I SPDC photons in the range of 20-30% for
SPDC crystal thicknesses greater than 0.5mm which is consistent with our results.*>~** This
equation that roughly estimates the dependence of HOM visibility based on pump

bandwidth is,*
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(a)

RC(6T) 0(\/—_Q—+— [2\/_9

(1 - I87100)] Eq. 6.2
where o is proportional to the pump bandwidth and (), relates to the crystal length and
phase matching conditions. Using this relation, we simulated the coincidence rate as a
function of relative time delay for different pump bandwidths; a narrow bandwidth for CW
(Fig. 6.7(a)) and 8 times that bandwidth to simulate our femtosecond pump (Fig. 6.7(b)).
The small bandwidth of CW produces a visibility of ~96%. However, for the wide
femtosecond pump (8o, ), the visibility is much smaller and estimated to be ~40% (the

erf function in Eq. 6.2 accounts for the shape). This in accordance with our own

experimental results.
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Figure 6.7. Normalized coincidence rate as a function of time estimated using Eq. 6.2 for
(a) a narrow CW pump bandwidth and (b) a larger femtosecond pump that is 80y .

The dip shown in Figure 6.6 has the characteristic symmetrical triangular or V-
shape that is expected as described by theory.*’ The joint spectral function for type-IT
SPDC, S(v), within the SPDC state is commonly written as**-!

S(v) = |smc( ) &p(ws + a)l)| Eq. 6.3
where &, (ws + w;) is the pump envelope, D represents the group velocity difference of the
o and e polarized photons in the crystal (D =2 —) L is the thickness of the SPDC

Uo Ue
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crystal and v is the detuning frequency of the signal and idler photons from half the pump
frequency. The sinc function leads to the natural rectangular shape of the two-photon
effective wave function, the Fourier transform of which produces the triangular shape of
the HOM dip that can appear Gaussian from distortions due to the interference filter.*” The
experimental HOM dip (Figure 6.6) is clearly symmetrical, with steady coincidence counts
from ~ £800-400fs, which peak before starting to drop, referencing the zero-delay point
and indistinguishability and temporal correlation of the photon pairs. The coincidence
counting rate of the HOM dip can also be written as R.(t) = Ry[1 — V(7)] *® where R, is
the coincidence rate at long delay times beyond any region of quantum interference, and
V (7) has a dependence on DL. The parameters DL determine the entanglement time of the
entangled photon pair, so it is expected that the width of the HOM dip should reflect this.
A spectral filter with a bandwidth smaller than the bandwidths of the individual photons
causes an increase in their coherence time*® and thus the contribution of the spectral
filtering can be used to estimate the broadened coherence time and subsequent dip width.*®
The FWHM of the dip (Figure 6.6) is on the order of ~370 fs which represents the inverse
of the bandwidth of the SPDC spectrum and the coherence time of the entangled photons.
The unfiltered entanglement time (T.) with the 1mm BBO crystal is calculated as 126fs,
but considering the 12nm interference filter in place, the filtered entanglement time is
therefore estimated to be ~ 177fs.*® The estimated coherence time of 2 times the
entanglement time (2T.) would be 354fs which agrees well with the coherence time

obtained by the HOM dip width.
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6.4.2. HOM Scans with Non-Resonant Sample

The HOM dip with solvent (methanol) placed in the interferometer path is measured
and the normalized coincidence rate as a function of time delay is shown in Figure 6.8.
Similar to the dip in Figure 6.6, the dip with solvent is symmetric and triangular, with
steadily oscillating counts on both ends before counts drop, signifying the zero-delay
position. The declining portion of the dip is smooth on both sides with no oscillations and
any changes in amplitude as low as 1%. This reproduced symmetrical triangular shape
confirms that the methanol does not absorb the photons or interfere with them and is not
excited by them. Thus, methanol does not affect the two-photon quantum interference, and
this serves as an accurate control scan.

Subsequently, the pure solvent in the interferometer arm was replaced with Coumarin
30 (dissolved in methanol). As Coumarin 30 has no absorption at 800nm, this was used to
determine how the HOM dip would be affected by a non-resonant medium placed in the
interferometer path. There was little to no change with the Coumarin 30 sample placed in
the interferometer path (Figure 6.8). The HOM dip maintains its symmetric triangular
shape, with steady coincidence counts oscillating at + 2.5% on the ends before smoothly
descending to the zero-delay position. In addition to the HOM dip maintaining its shape,
the coincidence counts from the measurement with Coumarin 30 remain the same and
display no attenuation compared to the counts with pure solvent. This indicates that the
photons propagated through the non-resonant sample were not absorbed and did not
interfere with the sample, thus there was no coherent excitation of the Coumarin 30
chromophore. The photons propagating through this dye experienced no new phenomena

or phase change compared to the photons in the opposite path, therefore, upon recombining
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at the beam splitter there is no difference in their interaction and the HOM dip is

unchanged.
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Figure 6.8. Normalized coincidence counts as a function of time delay showing the HOM
dip with a solvent, Methanol, (shown in black) and with a non-resonant sample, Coumarin
30 (shown in yellow).
6.4.3. HOM Scans with Resonant Sample

The experiment is carried out with a solvent (ethanol) as the control measurement and
with IR-140 (dissolved in ethanol), a dye with strong absorption at 800nm, as the resonant
sample. The solutions are held in a 2 mm quartz cuvette which is placed in the beam path
in one arm. In both cases (solvent and sample), the broader interference filter with a
transmission bandwidth of 40nm was used in order to overlap with the broad absorption
band of IR-140. The HOM dip with solvent placed in the interferometer path is measured
and the normalized coincidence rate as a function of time delay shown in Figure 6.9 (black
curve). As the spectrum for this measurement is wider, the dip appears narrower (~350fs)
as discussed in literature.”> However, as the full SPDC spectrum falls within the 40nm
spectral filter, we do not observe much spectral filtering which would cause greater

narrowing. Again, the HOM dip with pure solvent is symmetric with a triangular almost
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Gaussian shape. There are steady counts on both ends peaking before counts drop,
signifying the zero-delay position. There is a smooth decline of the counts to the zero-delay
point and the photons propagating through the ethanol do not get absorbed or experience
interference with it.

The solvent is then replaced with the IR-140 dye and the HOM scan is performed.
With the sample in place, the features of the dip change and the HOM dip becomes
distorted as seen in Figure 6.9 (red curve). The left side of the dip is similar to that of the
solvent scan, maintaining a Gaussian shape with coincidence counts peaking and then
beginning to drop at ~400fs. However, the dip overall becomes narrower and gains an
asymmetry on the right side. The right side of the dip becomes almost inverted compared
to the solvent scan until it reverts to steady coincident count levels. The side of the dip is
no longer smooth and there are multiple peaks or oscillations, with amplitude changes of
~7% within an 80fs time window. Furthermore, the center of the HOM dip with the sample
is shifted to the left compared to the dip with the solvent. Since the sample absorbs at
800nm and interacts with only one photon of the entangled pair, this is a resonant one-
photon process that involves linear excitation. As expected with the IR-140 dye, the
photons that propagate through the resonant sample induce a coherent excitation that lasts
for some time period. This interaction with the sample affects the phase of the photons that
were transmitted through it and hence affects their quantum interference when recombined
with the photons from the opposite path. As the light now possesses information related to
the sample, this information is portrayed in the HOM dip and results in the subsequent
shift, asymmetry and oscillations that are now observed. It is very interesting that the

organic molecule in the interferometer path results in changes to the shape and symmetry
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of the dip itself and not just a shift of the dip as a function of delay time. A simple shift in
time with the same shape and symmetry is seen in polarization mode dispersion
measurements to determine the refractive indices of optics. However, in this case the
complexity of the distortions to the dip suggest more information about the molecule is
accessed and present in the coincident count results. We are then interested in what

molecular information can be extracted from the new shape and features obtained.
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Figure 6.9. Normalized coincidence counts as a function of time delay showing HOM dip
without sample (black) and HOM dip with IR-140 sample (red
6.5 Discussion
To understand the HOM interference process and how it is affected by the introduction of
a resonant medium, we develop a theoretical formalism to describe the experiment. We first

consider the entangled biphoton twin state generated by SPDC. This can be described by
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1) = [ [ dwsdw;f (w5, 0)as(w5)a;t (w;)]05,0;), (Eq. 6.4)
where f(wg, w;) = a(ws + w;)B(ws — w;) is the joint spectral amplitude with a(ws + w;)
as the pump envelope, f(ws— w;) as the phase-matching function, and where
asT(w), as(w) [(a;T(w), a;(w)] are the creation and annihilation operators respectively for
the signal [and idler] modes. These satisfy the boson commutation relation [a;(w), ajJr(oo')] =

6(w — w"). The signal mode is modified by interacting with the medium placed in the path,
the modifications can be described by either a perturbative treatment or a continuum of lossy

36,52

beam splitters?®>2. After transmission through the sample, the signal mode operator ag(w)

becomes:

as'(w) = T(w)as(w) + n(w), (Eq. 6.5)
where T (w) in the first term is the transmission function for the medium the light propagates
through, and n(w) is the quantum noise associated with the absorption process. This

transmission function, T(w) = giw(n()+ic(@)L/e

(L is the sample length and ¢ the speed
through vacuum), is determined by the dielectric constant (€) (or linear susceptibility (y)) of

the medium. The complex refractive index of the sample satisfies the equality:

(n(w) + ix(@))” = e(w) = 1+ x(w). (Eq. 6.6)
The real part of this complex index adds a phase to the signal operator while the imaginary part
contains the absorption (attenuation) by the medium. A wave packet of modes transmits
through the sample, causing a modulation of the signal as it propagates through the sample
which leads to the subsequent phase shift. It is clear from the expression in Eq. 6.6 how the
transmission function is related to the dielectric constant and linear susceptibility. For a non-

resonant and non-absorbing medium that is transparent to the propagating photon, T'(w) = 1
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and the signal mode operator remains almost unchanged. However, for a resonant absorbing
medium, the signal mode interferes with the sample, therefore, undergoes a phase shift and
attenuation as dictated by the complex refractive index. For thin samples, the noise term in Eq.
6.5 can be neglected. Therefore, rewriting Eqs. 6.5 and 6.6 with the transmission function in
terms of electric field operators, the electric field operators of the photon mode transmitted
through the sample is:

E®(0) = T(W)E" (@) = 57 (@) + == A(w)ESY (). (Eq. 6.7)
After the signal beam is transmitted through the sample, it recombines with the idler beam
(which passed through the other arm of the HOM interferometer) at the 50:50 beam splitter.
The idler beam undergoes a controllable phase shift, a;'(w) = a;(w)e'®? due to the travel path
difference of the two beams. The output modes of the beam splitter, described by the photon
operatorsc(w), d(w), after this recombination are given by the 50:50 beam splitter unitary

transformation:

C(a))) a1 i <as’(w))
<d(w) =5 e (Eg. 6.8)
This beam splitter unitary transformation introduces a ™/ o phase shift in the reflected photons

output state. The exiting beams travel to photodetectors and are measured in coincidence where

the coincidence counting rate reads (Eq. 6.1):

Ty /2

R.(1) =4 f de (dt(®)ct(t + et + 1)d (b))

~Ty /2
=A (% —% _U d“)dw’f*(a),a)’) f(w’, w)T*(w/)T(w)ei(a)—w')‘r)_ (Eq 61)

where we have used Eq. 6.8 in the first line and Eq. 6.5 in the second line of Eq. 6.1. The

detectors are blind to the frequency of the photons; thus, the counting rate is integrated over
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frequency and the coincidence counts depends on the phase of the photons. Eq. 6.1 shows that
the HOM signal provides a product of the spectral f(ws, w;) and material T (wg) properties.
This can be analyzed further by conducting a Fourier transform of Eq. 6.1. The Fourier

transform of the signal in Eq. 6.1 yields

R@) = =3 @p-0T (8 -3)T (@ +3) Eq. 6.9

2

where @ = %(wl + w,). Again, there is a product of the spectral and material properties.

When the signal and idler modes are broadband, Eq. 6.9 builds a connection between the
Wigner transform of the transmission function and the coincidence counting rate (see
supporting information).

Due to the T(w) function in the coincidence rate in Eq. 6.1, the resulting coincidence rate
contains the full linear susceptibility of the absorbing medium in the interferometer path. Given
that the beam transmitted through the sample is in resonance with some excited state of the
sample, it creates a coherent excitation which must dephase over a time, T,, governed by the
group delay contribution. If the molecular response is dominated by a single resonance at ()
with dephasing time T, these can be linked to the linear susceptibility by a Lorentzian model

for a 2-level system as,

x(@) = ——— (Eq. 10)

w—-Q~i/T,
where o is a constant related to the length and concentration of the sample. By connecting our
understanding of the HOM experimental data to the theoretical formalism and the
susceptibility, we will be able to model our data to extract this dephasing time.
For comparison with our experimental data from the HOM experiment, the full
susceptibility can be computationally simulated from the absorption data using the Kramers-

Kronig dispersion relation.>® The imaginary part of the linear susceptibility y" (w) is obtained
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by a Hilbert transform of " (w), x'(w) = %3’ f_woo % dw' where P denotes the Cauchy

principle value. A Gaussian joint spectral amplitude function,

F(@1,02) = (210,0) 7 exp [~(ws + @ — 0,)"/(1603)] expl—(w; — 0)?/(40?)]

(Eq. 6.11)
is used to fit the experimentally obtained HOM spectrum, which, along with the linear
susceptibility ensures the exact information the experimental data contains about the SPDC
spectrum and the molecule studied. Here gy, is the bandwidth of the pump laser and o_ o 1/T,.
ws, w; and w,, are the frequencies of the signal, idler and pump respectively.

With this study, we aim to provide the first step in illustrating that entangled photons in an
HOM interferometer can be utilized for complex spectroscopy with organic, biological
materials and more, as the interferometer is sensitive to their presence and the SPDC two-
photon wave function experiences a transformation caused by the sample’s transmission.
Specifically, if our experiment can be modeled using the linear susceptibility as expected by
simulation and with this our experimental data can be used to extract time-resolved data
pertaining to the molecule, it substantiates the viability of the HOM interference as a
spectroscopic method to be studied further. Our objective is to understand how our HOM scan
can be connected to the coherent excitation of the sample, which will be useful towards testing
the feasibility of this spectroscopic method in more complex designs, with possibilities for
time-resolved nonlinear spectroscopy with entangled photons.

First, the full linear susceptibility is simulated using the Kramers-Kronig relation to fit to
our signal from the HOM experiment. The computed linear susceptibility y(w) of the IR-140

molecule from the absorption data is shown in supplementary Fig. 6.13 constructed by
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computing a transformation on the imaginary part of the susceptibility. In order to fit the HOM
dip obtained with the solvent in the interferometer arm, the coincidence counting rate in Eq.
6.1 and the Gaussian JSA in Eq. 6.11 are used setting the transmission function T'(w) equal to
1. In this limit, there is no absorption by the medium and hence no attenuation or change to the
phase of the propagating photon. By fitting the HOM data without the sample, we are able to
obtain the full joint spectral amplitude of our SPDC source using Eq. 11 with the pump central

frequency, w, = 1.549 eV, and bandwidth, g, = 23 meV. The central frequencies for the
signal and idler photons are wy, = w; = %. Hence with the fitting, the width o_is determined

and found to be 0_ = 4 meV. This width, which is related to the SPDC photons as o_ « 1/T,
gives the diagonal of the JSA obtained (Figure 6.10(a)). The full JSA gives us a theoretical
model of the SPDC two-photon amplitude and is shown in Figure 6.10(a). This is important as
it provides the width of the difference of the two modes of the biphoton pair and thus, an
understanding of the bandwidth and diagonal of the JSA and the frequency correlations of our
SPDC source. As shown, the entangled signal and idler modes are correlated in their frequency.
The width in the diagonal matches the pump bandwidth, where the off-diagonal width is
determined by the phase-matching condition. Subsequently, the fitting of the HOM dip through
solvent is simulated and the comparison between the experimental HOM spectrum with only
the solvent and theoretical modelling is depicted in Figure 6.10(b). As shown, the fit produces
a symmetric Gaussian shape through the HOM dip that descends towards the zero-delay
position and peaks at ~ + 500fs. The FWHM of this fit is ~375 fs which is very similar to that
obtained directly from the experimental data. Thus, the theory is in good agreement with the

experiment and can assuredly be used for further analysis with the data involving the sample.
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Figure 6.10. (a) Joint spectral amplitude |f(w,, w;)| obtained by fitting Eq. 6.11 to the

experimental HOM coincidence counting rate with solvent only. (b) Comparison between

theory and experimental data for the HOM coincidence counting rate for the solvent only.

Theoretical modelling shown in blue.

It is important to obtain a fitting of our experimental HOM data through the sample with
the computed y(w) and the full JSA of our entangled light source, to confirm that the
experiment does indeed agree with and contain the full information about the real and
imaginary linear susceptibility, dephasing and SPDC source. This will be necessary for
extracting the dephasing time, T». The transmission function T'(w) in R.(7) is replaced with
the real transmission from the linear susceptibility y(w) of the sample. As the transmission
through the resonant sample IR-140 showed attenuation of the coincidence counts while
transmission through the non-resonant sample Coumarin 30 showed no attenuation at all, it is
clear that there is absorption of the signal photons by the resonant IR-140 sample and a
subsequent excitation of this sample despite the low entangled photon intensity. Conversely,
Coumarin 30 is transparent to the light. The real transmission along with the full JSA obtained
from fitting the solvent data are used to model the HOM spectrum with the IR-140
chromophore. Shown in Figure 6.11 is the theoretical fitting of the HOM coincidence count
rate for the IR-140 molecule. Again, the theory is in good agreement with the experimental

data. The theoretical fit reproduces the shift of the HOM dip, to the left of the original zero-
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delay position. Intuitively, the molecules act as a frequency-dependent phase shifter, which
induces a phase shift in the signal photon beam a(w)e®(“). The interbeam time delay can
either compensate or amplify the relative difference between the two beams depending on the
relative sign of T and 8(w). This leads to a shift of the center of the dip and it can be seen in
Figure 6.11 that the dip with the sample is shifted to ~ -150fs compared to the dip with the
solvent. As the light-matter interference cannot be completely compensated by only the delay
in the idler, in addition to the shift, there is an asymmetry of the HOM signal. The right side
of the dip becomes elongated and asymmetrical compared to the left, representing the change
in phase of the photons propagated through the sample in comparison to those in the opposite
arm of the interferometer. This elongation is a reflection of the additional oscillations caused
by the induced polarization of the molecule and the resulting effect in the propagating photons
leading to a change in shape of the HOM dip. Thus, the exchange symmetry between the arms
is broken. Evidently, our experimental data accurately reflects what is expected from theory.
The agreement between the theoretical fit, which contains the IR-140 transmission data, and
the experimental HOM data, confirm that this IR-140 transmission information is indeed
measured by the HOM interferometer.

The indistinguishability and temporal correlation of the photon pairs are advantageous, as
the absorbing media in the interferometer path experience quantum interference with the signal
photon of the entangled pair but not the idler. Therefore, due to its group velocity, the sample
modulates the phase packet that propagates through it and upon recombination with the idler
photons, the signal photons hold information about the absorbing media which translates to an
alteration of the interference between the entangled photon pair at the beam splitter and a

change in the observed HOM dip. This expected result is successfully obtained by our
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experiment. As the signal measurements are conducted through coincidence counts and it is
the statistics of the coincidences and not simply the photon intensity that is considered, they
are a reflection of the entangled light photon statistics, therefore governed by non-classical
properties. One may think to attribute these changes to some simple refractive distortion caused
by placing an additional optical element in one path of the interferometer. However, by
conducting scans using solvent and the off-resonant Coumarin 30 dye with the same
experimental parameters and same cuvette, it is clear that the observed result is substance
dependent. Additionally, coincidence counts remained the same for scans using solvent and
using the Coumarin 30 dye signifying no absorption but dropped for the IR-140 dye, which

confirms that there was one photon absorption taking place.

1.0+

P.(7)

0.8-

500 0 500
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Figure 6.11. Comparison between theory and experimental data for the HOM coincidence
counting rate for the IR-140 molecule.

Our main objective is to obtain molecular information from the data, specifically the
dephasing time of the molecule’s coherent excitation. As mentioned, the linear susceptibility
can be connected to the dephasing time and the molecule’s coherent excitation by the

Lorentzian function in Eq. 6.10. Therefore, the HOM data can be exploited to obtain the
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dephasing time as was similarly considered in a previous study with a crystal and
nanostructures®’. We fit our experimental data using the Lorentzian model in Eq. 6.10. This
simulation was done for both the HOM scans with and without the sample. The simulation of
the HOM dip without the sample (with solvent) is shown in Figure 6.12(a) with the
transmission again set to 1 to signify no absorption through the medium. The resulting fit is
similar to the theoretical fit of R.(7) in Figure 6.10(b), where the dip symmetrically descends
to the zero-delay position with the ends flattening out at large delay times. The modeling
provides the characteristic triangular almost Gaussian shape of the HOM dip, which confirms
the width (time) and shape of the biphoton.

The graph in Figure 6.12(b) shows the Lorentzian modeling of the HOM data with the IR-
140 sample in the interferometer path using Eq. 6.10, fit with the full linear susceptibility from
transmission through the sample. This is very similar to the graph in Figure 6.11 simulated
with R.(t) of Eq. 6.1. It is interesting that similar fittings can be achieved with Eq. 6.10 which
contains mainly data pertaining to the sample such as the linear susceptibility, length,
concentration and resonance frequency, as well as the frequency of the SPDC light. As the
equation is heavily substance dependent, the ability to obtain a good fitting with it certifies that
the experimental data through the sample contains molecular related information. The coherent
excitation of the sample is successfully captured by the photons interferometric response and
clearly seen in the alteration of the HOM dip and its simulated fitting.

The important aspect of this Lorentzian fitting is the ability to use it to connect the HOM
data to time-resolved information pertaining to the sample. While current entangled light
spectroscopy methods such as entangled two-photon absorption offer insights to nonlinear

effects on dipole properties, many researchers across fields are interested in utilizing the
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temporal correlations of entangled photon pairs to measure temporal photophysical properties
of substances under study. From the fitting in Fig. 6.12(b), we are able to extract the dephasing
time T>. Using the best fit of Eq. 10, the dephasing time of the IR-140 molecule is extracted
and found to be ~102 fs. The T: is a result of the dephasing of the transition dipole-dipole
interactions between the nearest IR-140 molecules in solution excited by the beam. There is a
static charge distribution upon excitation and this excitation propagates coherently through the
molecule until these induced dipole moments dephase. Our experimental delay has sub-
femtosecond precision, allowing for highly precise measurements of any changes with
adjustments in time which should benefit our experimental analysis. From our measurements,
we are able to infer that the dephasing time in the IR-140 molecule is ~102 fs. Considering the
broad linewidth of the IR-140 absorption band, we did expect to see a short coherence time,
on the order of tens of femtoseconds. 102fs is relatively short compared to times found with
similar methods®’, thus, it is an adequate result taking into consideration the linewidth
broadening and the instrument entanglement time. The group delay contribution from the
sample does not last long as is evident by the width of the oscillating asymmetric tail in the
modified HOM dip. As such, we did not expect a long dephasing time and the calculated T
adequately reflects this. Although our SPDC spectrum is much narrower than the molecule’s
absorption linewidth, we are able to provide a fitting that resolves a relatively short dephasing
time. We suggest that in order to extract even shorter dephasing times for broad linewidth
samples, the optical thickness of the sample could be adjusted as this may affect the linewidth
and make extraction of coherence time more difficult. A smaller entanglement time (much
shorter than the dephasing time) will also lead to simpler deconvolution of different broadening

effects. Additionally, Type-I SPDC and continuous wave pump sources lead to higher HOM
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visibilities, making it easier to deduce subtle changes in coincidence counts and leading to
more accurate data extraction. We suggest a Type-1 SPDC source may be applied in future
investigations. In the future, we also hope to conduct experiments with thin film samples to

overcome hindrances by sample optical thickness.
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Figure 6.12. (a) HOM dip with solvent (without substance) and (b) HOM dip using the
Lorentzian model for the IR-140 sample. These fits were modelled using Eq. 6.10.

Thus, our HOM interferometer is indeed sensitive to the presence of a resonant sample
placed in its path. Our experiment provides a proof-of-concept illustration of an entangled
photon spectroscopic method and is the first time this is illustrated with a chemical system.
The experimental results along with theoretical fitting confirm that the coincidence counts
measured by the HOM interferometer can be fit with the full (real and imaginary) linear
susceptibility of a substance placed in its path and can be used to deduce the dephasing time
T, of the chromophore even if it has a broad linewidth. The low photon flux of the entangled
photons can induce an excitation in a resonant sample and our experimental method is sensitive
to any observable changes. Therefore, this investigation of molecular properties using HOM
interferometry presents itself as a viable method for conducting sensitive spectroscopy and
opens the door for more complex spectroscopic design possibilities. The current setup can be
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readily extended to measuring higher-order nonlinear response functions (susceptibilities) of
materials by using additional external classical laser pulses. These pulses can interact with the
sample before the final interaction with the signal beam of the quantum light such that the
transmitted beam carries information of the nonlinear susceptibilities of matter. This
information can then be extracted by the coincidence counting measurements as demonstrated
here. The coincidence counts will be able to capture fast evolving macroscopic and
microscopic processes as a function of the time delay. Time-resolved signals can then be
studied by controlling the temporal delay between the laser pulses. As we have corroborated
the ability of this method to detect light-matter interactions, the next step is to perform such
higher order experiments to capture excited state dynamics on the samples under study, while
taking advantage of the low flux, good signal to noise ratio and control parameters of entangled
light. Similarly, the frequency correlations, f(ws, @;), can be varied by using different types
of quantum light and observing the effects this has on the resulting light-matter interactions;
the strength of the interference and coupling with different frequency correlations and the
change to the observed phase shifts. By shaping the photon entanglement, we can manipulate
the optical signals for different material responses. A vast array of material substances may be
probed with this technique, particularly substances with interesting characteristics such as
biological systems and quantum emitters. Single photon emitters may be probed in a
multiphoton interferometer regime to investigate higher order coherence characteristics using
low photon flux and strong temporal correlations.’*>> Moreover, the experimental setup can
be made easier to assemble and more accessible using compact continuous wave lasers and
Type-I SPDC, making this a highly resourceful experiment that many researchers can utilize

across multiple fields. Nonlinear experiments that take advantage of the correlations and
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interferences of entangled photons with molecules have been proposed, and with this work,
our experiment with HOM interferometry may be the doorway towards achieving these ideas
and bringing them into fruition. Now the possibility to investigate a series of chromophores by
using HOM interferometry to probe dynamical behavior upon coherent excitation has become

a reality.

6.6 Conclusions

We have successfully conducted an experiment to test the sensitivity of entangled photons
in an HOM interferometer to the presence of resonant organic dyes. We have been able to
confirm that the coincidence counts and HOM dip are responsive to a resonant dye placed in
the interferometer path and that the sample causes an interference and phase shift to the
propagating photons. In accordance with our theory, the resulting HOM dip contains molecular
information pertaining to the linear susceptibility and absorption of the studied sample. Mainly,
the coincidence measurements of the HOM signal obtained from experiment can be connected
to molecular dephasing and used to measure the molecular coherence times which is an
important factor for further time-resolved studies. With our HOM experiment, we were able to
extract a dephasing time of the organic molecule of as low as 102 fs upon coherent excitation
and quantum interference with a path of entangled photons in the interferometer. This affirms
the viability of HOM interferometry as a spectroscopic method to be used across scientific
fields to study optical properties using quantum advantages. There are numerous ways to
advance this method for even more fascinating studies and with our work, we have set the stage

for these possibilities.
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6.6 Supplementary Information
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Figure 6.13 HOM scans with polarizer phase turned showing a phase shift in the HOM scan.
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Figure 6.14 Imaginary, Im y(w), and real, Re y(w), parts of the linear susceptibility of the
IR-140 molecule The real part is obtained by Hilbert transform of the absorption data.
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Narrowband pump and broadband twin photons
In the limit of a narrowband pump (o, — 0) and broadband twin photons (i.e. _is larger
than the characteristic linewidth y of the transmission function), Fourier transform of the

HOM coincidence counting rate (Eq. 6.2) leads to

R(Y) = —3 [ dAg (8)B(—A)T" ((T) - é) T (5 + %) eitt=—2 [dAT" (w - g) T (E +

2

A i 1 w
et = —2T, (%2,7) Eq. 6.12
Eq. 6.12 shows that in this limit, the coincidence counting rate is determined by the Wigner

transform of the transmission function. By scanning the pump frequency, it is possible to obtain

the full Ty, (w, 7). Note that the condition o_ > ¥ is not satisfied in the current experiment.
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Figure 6.15 Fourier transform of coincidence rates according to Eq. 8. We observe a
difference in the frequency distributions and amplitude for the data with and without a
sample.
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Chapter 7

Overall Summary and Future Directions

7.1 Overall Summary

Quantum entanglement which initially seemed a strange and evasive concept has now had
significant impact on many fields, being used in optics, computing, metrology, communication
and information science as a whole.!”> As the interest in the field grows, researchers have
increasingly been searching for ways to take advantage of the unique properties offered by this
quantum mechanic phenomenon. The strong correlations and temporal properties of light
generated as quantum entangled pairs make them an evident avenue for spectroscopy. Early
theoretical works showed that the high spatial and temporal correlations of entangled photon
pairs would make them ideal for two-photon absorption spectroscopy.*® The two-photon
absorption (TPA) process involves the simultaneous absorption of two photons of lower
energy, leading to a direct transition in the atom or molecule from the ground state to an excited
state the sum of the energy of the photons. Thus, the correlations of entangled photons would
allow the pair to be absorbed as if they were “single entity” with a linear dependence on the
light intensity. The initial theory provided a simple probabilistic model, comparing entangled
TPA (ETPA) to classical TPA cross-sections, but also provided a more nuanced derivation of
the ETPA cross-sections due to the quantum interference of the entangled photons and the
molecular intermediate states.> The time correlations of the entangled photon pair would also

lead to time control which allows for selective population of different energy levels, and thus
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different ETPA cross-sections attainable at the same wavelength by changing the interbeam
delay or entanglement time.>® Thus, information can be gained about the energy levels
contributing to the ETPA of the sample under study.

While the theoretical work has been well developed and was studied in the 90s,
experimental realizations were not seen until later and a lot is still left to be understood about
these processes. In 1997, Georgiades et al’ were successful in exciting a two-photon transition
in atomic Cs using correlated nondegenerate downconverted photons generated by an optical
parametric oscillator and the photocurrent due to fluorescence was observed.” Later, Dayan et
al also showed that this two-photon absorption with low flux down converted light was
possible by exciting atomic Rb measuring the resulting fluorescence.!® An essential part of this
work was that they proved the TPA origin by showing its dependence on the signal-idler
delay.!® Since then, members of the Goodson group have been able to observe the linear

dependence of ETPA in larger organic molecules!!~!#

which is a big step for employing
entangled two-photon spectroscopy more widely. In these studies, different parameters, such
as spatial phase-matching conditions and inter-beam time delay dependence were tested to
prove the ETPA origin of the signal. Even more exciting was the observation of the resulting
fluorescence from the ETPA excitation process which was also tested with spatial and temporal
parameters.!> This was another important demonstration of the ETPA process as emitted
photons can only be detected if there is absorption. Furthermore, the ability to observe
fluorescence from ETPA opens doors to imaging and microscopy with these low light
intensities and the advantages of the control knobs provided by entangled light. A particular

ETPA study by Upton et al'* looked more closely at the ETPA process and the interference of

different absorption pathways and how this relates to the observed signals. I wanted to build
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on this work, to determine exact interactions and understand how ETPA was related to the
structure of the molecule, hence expanding our knowledge of these structure-function relations
with ETPA. Also, as more researchers become interested in fluorescence applications with
entangled light, it is necessary to have a working ETPEF experiment that we can always rely
on, as well as a firmer grasp on the ETPEF process and the molecular and experimental
parameters needed to obtain it.

However, entangled two-photon absorption is not the only channel for spectroscopy
utilizing quantum light. Many practical applications of quantum light in communication and
metrology have involved interferometry.>!¢ Classically, interferometers are used for different
types of spectroscopy, from Michelson interferometers used in Fourier Transform Infrared
(FT-IR) spectroscopy!” to Mach-Zehnder interferometry used for mid-infrared chemical

sensing and photothermal spectroscopy'®!

measuring optical phases. As quantum
interferometers are more sensitive than their classical counterparts,?’ it becomes apparent that
the seemingly untapped field of quantum interferometry for spectroscopy of organic and
biological materials is one that should be explored. Currently, quantum interferometry has been
used mainly in communication and computing via qubits and additionally for the measurement
of optical thicknesses and refractive indices of optics and inorganic structures.?!~23 Most
recently, in a study quantum interferometry was used to measure properties relating to the
coherent excitation of inorganic structures.>* The question remained whether this was an
experimental method that could be applied to organic molecules, to excite them and obtain
information about the molecular excitation. Therefore, this was a new form of spectroscopy

with entangled photons in an interferometer that I wanted to investigate. The introduction

chapter, Chapter 1, offers a comprehensive breakdown of quantum entanglement and how it
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relates to electric fields and their correlations, as well as a background on the theoretical and
experimental work done on ETPA thus far and the motivation for quantum interferometry for
spectroscopy. In Chapter 2, the experimental techniques utilized are described alongside their
theory. Overall, this thesis seeks to shed light on different ways in which entangled photon

pairs can be utilized to understand the optical properties of molecules.

While it was known that ETPA could be measured via transmission and via fluorescence,
a more in-depth analysis was needed on how the cross-sections measured with these two
methods would scale, but also how they would scale compared to classical TPA. Particularly,
in Chapter 3, by utilizing a set of organic chromophores with similar structures but different
atomic substitutions that alter their structure-function properties, I was able to compare the
linear, classical two-photon and entangled two-photon properties in these molecules with
varying degrees of dipolar and quadrupolar character. Using steady-state absorption and
fluorescence spectroscopy backed by quantum chemical calculations, I found that the optical
properties of these 9-ringed benzodithiophene compounds are indeed altered by the
substitution of a nitrogen (9R-N), sulfur (9R-S) or selenium (9R-Se) atom into the parent
structure (9R) framework. The results of the measured entangled cross-sections using
transmission and fluorescence methods scaled with the same trend for both methods,
confirming the ETPA origin of the fluorescence observed and substantiating it as a viable
method for spectroscopy and measuring optical properties. Interestingly, while entangled
methods scaled similarly for the substituted compounds, it was clear that there was an
enhancement in the entangled cross-sections of the parent structure (9R) compared to its

classical cross-section and this was not seen with the other compounds. The inclusion of the
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permanent dipole absorption pathway in the entangled cross-section or 9R due to its dipolar
character would result in an enhancement of the entangled cross-section. This pathway is not
accessible for the other solely quadrupolar chromophores studied in the series. The
enhancements in the 9R ETPA cross-section were experimentally observed due to the high
sensitivity of entangled photons and their ability to resolve small contributions of different
pathways due to the quantum interferences between energy states and the entangled photons.
This work provides a basis for understanding the structure-function response of non-linear
optical molecules excited by entangled light, and how molecules can be specially synthesized
and developed to be selectively probed by entangled light.

I sought to obtain a better understanding of the entangled two-photon excited fluorescence
process and also to ensure that the lab had a working ETPEF setup that was well characterized.
This is detailed in Chapter 4 where I explore the experimental and molecular properties
necessary for the observation of ETPEF. In addition to work done by myself and other
researchers at the Goodson group, fluorescence induced by different forms of quantum light
have been observed in the quantum optics and spectroscopy communities.>>?® A
comprehensive analysis of these observations was carried out and the dependence on the
molecule’s electronic states and transition dipole moment properties made clear. ETPEF setups
must be very well isolated from spurious light and must incorporate efficient fluorescence
methods in order it improve the signal to noise ratio of the measurements. I carried out quantum
chemical electronic structure calculations to highlight the pathway dependence of ETPEF. It
was shown that for the molecules investigated, those with small detuning energies that absorb
via the virtual transition pathway showed enhanced ETPEF signals due to the coupling between

these resonant intermediate states and the entangled photons. This enhancement was not
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observed for compounds with larger detuning energies. This study confirmed that in order to
observe good ETPED signals, compounds under study should have high transition dipole
moments, small detuning energies and good quantum yields.

It has been theorized that the temporal correlations of entangled photons allow them to be
used to elucidate information about the intermediate states and energy levels utilized in
excitation processes.®?’ This is very important for materials used for optical applications such
as photovoltaics and organic light emitting diodes (OLED) as it gives a broader understanding
of the optical properties of the molecule. In Chapter 5, I utilize the interbeam time-delay
properties of entangled photons to observe different ETPA rates for a pair of perylene diimide
(PDI) trimer systems that have been studied for their use toward photovoltaic applications.?8
The flexible n-bridge of one of the trimers, B, led to it forming a twisted geometry while the
rigid m-bridge of the second trimer, BC, resulted in it having a primarily planar geometry. These
compounds are interesting as it has previously been shown that the twisted nature of the
compound leads it to undergo intramolecular singlet exciton fission (iSEF) — the generation of
two triplet excitons from one excited singlet exciton by the absorption of a single photon —
while the planar trimer does not experience iSEF.?® In chapter 5, linear and non-linear classical
spectroscopy as well as entangled two-photon spectroscopy at different time delays were
performed to provide a full picture of the optical properties of the two compounds. Mainly,
ETPA at different time delays led to selective population that resulted in different ETPA
signals and different cross-sections at varying delay times for both compounds. With this
experimental data and information about the compounds’ dipole moments and energy levels
obtained from quantum chemical calculations, I was able to simulate more precise ETPA

patterns with respect to time delay and using a Fourier transform, extract the intermediate or
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virtual states contributing to ETPA. For both compounds, some of these were close to
resonance with the entangled photons, leading to the relatively large entangled cross-sections
observed (x107'® cm?/molecule). For the twisted compound, some of these states coincided
with transient species observed in transient absorption spectroscopy and coincided with
stationary Born-Oppenheimer states of the molecule. These could be reasons for the
enhancement of the compound’s cross-section in relation to the planar compound in
comparison to classical TPA. There is a possibility that for this twisted compound, the
entangled photons could probe the energetically accessible double triplet state.

Chapter 6 considers a different form of entangled photon spectroscopy, where I examine
the viability of quantum interferometry with a Hong-Ou-Mandel (HOM) interferometer to
investigate the molecular properties of an organic dye. The two-photon interference in an HOM
interferometer measures the indistinguishability of the entangled photon pair when they are
incident at a 50/50 beam splitter and leads to a signature HOM “dip”.?’ In the experiment, the
entangled photons are separated into two pathways and then recombine at a beam splitter to
two detectors which are connected in coincidence. By placing an organic sample, a resonant
dye IR-140, in one path of the interferometer, I have been able to confirm that the coincidence
counts and HOM dip are responsive to the dye, and that the sample causes an interference and
phase shift to the propagating photons. The HOM dip holds information pertaining to the
absorption of the studied sample and with fitting of the experimental data, it was possible to
extract the molecular dephasing time of the coherent excitation. A dephasing time of 102 fs
was extracted, speaking to the femtosecond precision of the method and the ability to use it for
time-resolved studies. The work in this chapter is the doorway towards using HOM

interferometry as a spectroscopic method for sensitive organic and biological samples.
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7.2 Future Directions

Future work in this field will involve exploring all these potential applications of entangled
photon spectroscopy further. With work in this dissertation, the mechanisms of entangled two-
photon absorption spectroscopy have become better understood by considering a variety of
molecules and hopefully, this will contribute to further work carried out in this area.
Particularly, work in the field of entangled two-photon fluorescence spectroscopy will have a
lot of sought-after applications. Already, an entangled two-photon fluorescence microscope
has been built and images obtained with an excitation intensity six orders of magnitude lower
than what is necessary to image with classical light.> Many biophysicists are interested in this
area of quantum imaging, so it is imperative to build on the research available with ETPEF,
especially with biological materials. The recent work by Tabakaev et al*> expanded the realm
of ETPEF of organic molecules with SPDC photons beyond the Goodson group, and more of
such experimental realizations are necessary by different researchers to obtain different
outlooks on the experimental method. Conducting ETPEF with periodically-poled crystals will
allow us to have a higher photon flux and therefore a potential increase in the fluorescence
counts, making measurements easier. Similarly with fluorescence measured with squeezed
light excitation,?® conducting ETPEF measurements with a variety of quantum light sources is
essential to determine what provides the best results while remaining in the low flux regime.
This will be imperative towards the overall goal of quantum light fluorescence applications for
sensitive materials.

While this thesis shows the potential of virtual state spectroscopy by using a small number
of delay times to vary ETPA signals, it is clear that this is an untapped area where we can

further our knowledge about the excitation processes in chromophores and the intermediate
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states involved in these processes. It is therefore important for this work to be continued with
better time resolution and more femtosecond precision. This can be done by inserting a delay
stage in the entangled photon beam path to give minute femtosecond resolution, rather than
the limited delays provided by fixed thickness quartz plates. This will offer an experimental
view of the more complex nonmonotonic behavior of ETPA and provide a more accurate result
of the virtual states involved in ETPA. Hence, this will give more information about the
photophysical properties of molecules that can be used for optical applications. Furthermore,
suggestions that the entangled photons may probe states involved in different processes should
be explored. More analysis of virtual state spectroscopy and studying of such chromophores
that exhibit interesting processes such as iSEF need to be done with entangled light in order to
corroborate these suggestions and observe how entangled photons probe these particular states
O Processes.

A big part of this dissertation work was setting up and testing an HOM interferometer as
an avenue for entangled photon spectroscopy. Work in this area had been suggested®'3>3* and
similar work carried out on inorganic crystal structures®* which are far easier to probe, but my
experiment confirmed that this setup is sensitive to organic molecules and can be used to excite
them and obtain molecular information. One way to expand on this work will be to conduct it
with a continuous wave laser. This will not only make the setup easier to build, therefore
making it easier to alter the setup if need be, but it will also improve visibility. With a greater
depth of the HOM dip, it will be easier to observe minute changes captured in the sides of the
dip. Additionally, the experiment can be applied to thin film organic samples to test how

differing the optical thickness affects the results when extracting time-resolved data.

225



Most importantly, spectroscopy with HOM interferometry can be applied to higher order
nonlinear measurements and this is surely the future of this method. By introducing an external
laser pulse to produce a steady excitation in the molecule before interacting with the
propagating photons, HOM spectroscopy can be used to measure nonlinear susceptibilities of
molecules with high sensitivity and precision. The temporal delay between the laser pulses can
also be controlled to obtain time-resolved information. Furthermore, in the future, it will be
compelling to device a way to probe the sample under study with both photons of the entangled
pair to understand the effect of the strong correlations in the two-photon interaction and obtain
nonlinear information in this way. The frequency correlations of the photon pair can be altered
using different wavelengths and different types of quantum light, to observe the effects of the
light-matter interaction with different frequency correlations; essentially how this will affect
the observed phase shifts and dip asymmetry. Ultimately this can be applied to biological
materials with practical applications or quantum emitters to study susceptibilities, symmetry
breaking and coherence in the nonlinear regime. The investigation in this dissertation has

provided the groundwork on which these studies can grow.
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