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. ABSTRACT

23 Two-photon excitation (TPE) proceeds via a “virtual” pathway, which depends on the accessibility
25 of one or more intermediate states, and, in the case of non-centrosymmetric molecules, an
57 additional “dipole” pathway involving the off-resonance dipole-allowed one-photon transitions
and the change in the permanent dipole moment between the initial and final states. Here, we
30 control the quantum interference between these two optical excitation pathways by using phase-
32 shaped femtosecond laser pulses. We find enhancements by a factor of up to 1.75 in the two-
photon-excited fluorescence of the photobase FR0-SB in methanol after taking into account the
35 longer pulse duration of the shaped laser pulses. Simulations taking into account the different
37 responses of the virtual and dipole pathways to external fields and the effect of pulse shaping on
39 two-photon transitions are found to be in good agreement with our experimental measurements.
The observed quantum control of TPE in condensed phase may lead to enhanced signal at a lower
42 intensity in two-photon microscopy, multiphoton-excited photoreagents, and novel spectroscopic
44 techniques that are sensitive to the magnitude of the contributions from the virtual and dipole

pathways to multiphoton excitations.
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INTRODUCTION

Control of two-photon transitions using shaped laser pulses in atomic' and condensed
phase? systems has primarily been accomplished by taking advantage of the direct relationship
between the second-order power spectrum (SOPS) of the field and the spectral phase of the pulse.
In fact, this dependence has enabled selective two-photon excitation (TPE) and the measurement
of TPE spectra.>'° Here, we address the quantum interference between the virtual and dipole
optical pathways that connect the ground and excited electronic states of a molecule during TPE.
In particular, we consider the case of a non-centrosymmetric molecule for which, in addition to
the sum over intermediate “virtual” states, one is able to identify a dipole contribution which
becomes significant for species with large change in the permanent dipole moment upon

photoexcitation.

In their theoretical investigations, Meath and coworkers proposed how the phase difference
between a pair of monochromatic pulses could be used to control two-photon transitions in isolated
diatomic molecules with permanent dipoles by taking advantage of the different responses of the
virtual and dipole pathways to the electric fields.!!»'? In a related experiment, the TPE of Rb atoms
through an intermediate state was found to be favored by phase- or amplitude-shaped pulses rather
than by transform-limited (TL) pulses.!3 It was observed that by removing certain portions of the
pulse spectrum, which decreased the peak intensity by a factor of 40, the TPE rate doubled relative
to TL pulses.!? The observed control was due to differences in the optical response to the field by
the resonant and non-resonant excitation pathways. While contributions from both virtual and
dipole pathways have been implicated in the magnitude of the two-photon absorption cross
section,'%!3 their control via phase-shaped pulses has not been reported. For a given molecule, the
inherent molecular phases associated with the virtual and dipole pathways are fixed. However, the
goal of the present work is to use phase-shaped pulses designed to drive the virtual and dipole
pathways with an independently adjustable phase, so that one is able to control the probability of
TPE.

Here, we control the TPE pathways of the fluorescent Schiff photobase (E)-7-
((butylimino)methyl)-N,N-diethyl-9,9-dimethyl-9H-fluoren-2-amine (FRO0-SB, Scheme 1), in
solution.!®!8 This compound, in addition to exhibiting an increase in pK, by 14 units upon

photoexcitation, was recently found to become up to 62% more reactive when the first excited
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singlet (S;) state was populated via TPE instead of single-photon excitation.!” This is a
consequence of the very large differences between the ground- and excited-state dipole moments

Ay, = 1, — 1, and the large values of the corresponding transition dipole moments g, (for
example, Ay, =15.6 D and g, =9.6 D for FR0-SB in methanol).!® In this study, we develop the

theoretical basis for the effect of shaped pulses, which are far from one-photon resonance with the
electronic transition to S; but on-resonance with TPE to the S; state, on the virtual and dipole
pathway contributions to TPE of molecules with large permanent dipole moments. We then present
experimental data showing coherent control of the virtual and dipole contributions to TPE. In
particular, we find that for certain shaped pulses the ratio between TPE fluorescence and second
harmonic signal can be enhanced by a factor of 1.75, in good agreement with simulations. Our
study demonstrates that it is possible to use phase-shaped pulses to control the dipole and virtual

contributions to TPE in larger polyatomic molecules in solution.

Scheme 1. Molecular structure of the FR0-SB super photobase.

THEORY

Since the introduction of the idea of two-photon processes by Maria Goppert-Mayer in
193129 (cf., also, refs 21 and 22), perturbation theory has been used to examine their probability
and dependence on molecular symmetry. According to the second-order perturbation theory, the
0 — f two-photon absorption cross section, with 0 and f designating the initial and final states,
which in our case are the electronically bound ground (Sy) and excited (S;) states of FR0-SB,
respectively, is given by the GOoppert-Mayer sum over virtual states
|z

‘ gMz(a))’ (1)

My
o (w/2)=A [rv0
ro(@/2) Zvla)vo—a)/2+il"v(a)/2)
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where  is the resonance excitation frequency, 4 is a collection of constants, v are the intermediate
states, /., and g, are the transition dipole moments corresponding to the v — f and 0 —v
excitations, respectively, o,, 1s the 0 — v transition frequency, iI', (@/2) is a damping factor
associated with the intermediate state v, which is inversely proportional to the lifetime of v, and
g (@) 1s the TPE line shape function. Note that in presenting eq 1, we have performed an
isotropic averaging over the directions of the transition dipole moment vectors p, and p . For
non-centrosymmetric molecules, one can separate the 0 — f dipole contribution from the sum
over states expression, eq 1, to obtain!419-23.24

|2

‘ S (@), (2)

A
Gﬁf(wu) _ 4 Z ,Uwa\./o + HpoBt o
Ve @ =02+ (w/2) /2

where Az, = u, — 4, is the difference between the dipole moments characterizing the final and
initial states. To do this, we isolate the v = 0 and v = f terms in the summation over v in eq 1,
Hpoldoy @ — @1 2410 (0/2)] and  ppp,y /[0, —@/2+i1 (@/2)], respectively, which
involve off-resonance dipole-allowed one-photon 0 — f transitions, recognize that @y, =0,
replace @;, by the resonance frequency w, and take advantage of the fact that the initial and final
states are stationary, so that the damping factors i['j(@/2) and i’ f(a)/ 2) can be assumed to be
zero. The resulting 4,4y, / (—@/2) and 41,/ (@0/2) contributions can be recombined into the
expression £,,(4; — tyy)/ (@/2), which is equivalent to the second term on the right-hand side
of eq 2. The first term on the right-hand side of eq 2, which involves the intermediate states v
between the initial and final states, is usually called the virtual pathway, while the second term,
which depends on the transition dipole moment £, and the difference between the ground- and
excited-state permanent dipole moments Az, is commonly referred to as the dipole pathway.!!
It is worth mentioning that while the cross-section contributions from both pathways are
proportional to the intensity of light squared, the dipole pathway, which is, in part, driven by off-
resonance one-photon transitions to a stationary state f, has a weaker dependence on the pulse

duration compared to its virtual counterpart.

The introduction of femtosecond laser pulses has greatly contributed to the development

of TPE techniques. This is because broadband femtosecond pulses enable contributions from a
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very large number of possible intermediate states, ensuring that some frequencies w,, in eqs 1 and
2 are close to @/ 2, and the high peak intensity of such pulses reduces the need for the iI" (@ /2)
damping factors to become small to result in a measurable TPE signal. It should also be noted that
non-centrosymmetric molecules, such as FR0-SB examined in this work, have a non-zero Au,,
so that both the virtual and dipole pathways present in eq 2 can contribute to TPE, further

enhancing the two-photon absorption cross sections. !>

The two pathways available for TPE have a phase difference that arises from the complex
nature of the different matrix elements in eq 2. This phase difference may lead to quantum
interference that could modulate the two-photon absorption cross section. Jagatap and Meath
considered the competition between the virtual and dipole pathways and derived an expression for
the orientationally averaged probability of TPE.!! Based on their calculations for the LiH molecule,
the quantum interference between the virtual and dipole pathways can be constructive or
destructive. While TPE is fundamentally different than Young’s double slit experiment or quantum
control of molecular excitations, one might try to adopt a heuristic approach and use analogies
with these phenomena to explain the possibility of modulating the probability for TPE through
quantum interference of the virtual and dipole pathways. For example, if ¢ and ¢, designate
phases associated with interfering waves in Young’s double slit experiment, the probability of
constructive  interference P depends on the phase difference according to
P ‘e’”’l +e* ‘2 =2+2cos(¢ —¢,). Similar interference can be observed in quantum control of
molecular excitations, introduced by Brumer and Shapiro?® and realized experimentally by Gordon
and coworkers for one- versus three-photon transitions.?® Gordon and coworkers’ excitation
pathways involved two laser sources with frequencies 3w and w. Assuming that each pathway
contributes equally, the probability for reaching the final state 1s given by
P, ‘e’% +e ‘2 = 2+2(:0s(¢3 -3¢ ) , where ¢3 and ¢, are the phases of one- and three-photon
excitations, respectively. Chen et al. have also examined quantum control of molecular excitation
using two-photon vs. two-photon interference, where a molecule is irradiated with three
interrelated frequencies wy, @-, and w-, such that 2wy = w; + @w-, and where the probability for
reaching the final state is given by P, oc|e”® +¢/*™*) ooy 2c0s(2¢,— ¢, —¢ ) (seerefs 27 and
28). The experimental realization of their idea was accomplished by broadband shaped

femtosecond pulses, both in the gas phase!'2%3* and in condensed phase systems.>? Two-photon
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transitions involving virtual and dipole pathways should be controllable in a similar manner.
Indeed, if we assume that none of the intermediate states v in eq 2 are long lived and designate the
average phase of the virtual pathway as ¢, and the phase associated with the dipole pathway as ¢,
we can use arguments similar to those presented above to re-express the 0 — f two-photon

absorption cross section as

(2) i24,

Oo(@/2)x ‘e b e

" =2+2c0s(24, -24,). 3)

This shows that one should be able to modulate the probability for TPE through quantum

interference of the two pathways.

We now describe the model which will allow us to examine how the interference between
the virtual and dipole pathways contributing to TPE in non-centrosymmetric molecules, such as
FRO-SB, is affected by broadband-shaped laser pulses. Two-photon transitions in the absence of
long-lived intermediate states are driven by the shaped laser field, which induces a nonlinear
polarization proportional to the square of the time-dependent electric field E(7). Because pulse

shapers operate in the frequency domain,?! we start with the field in the frequency domain

E(w]2)=+I(w]2)e””?, 4)

where /(w/2) is the spectrum of the pulse and @(w/2) is the spectral phase, both of which can be
modified by the pulse shaper. Using the field in the frequency domain and the convolution

theorem, the Fourier transform of E*(¢) can be written as332
E? (@) x jw E(@/2+Q)||E(w/2-Q)| exp{i[@(w/ 2+ Q) +@(w/2-Q)]}dQ (5)

where one integrates over all the detuning frequencies from w/2 by a positive and negative amount
Q, as the two-photon frequency w can be attained by adding the negatively detuned frequencies to

the corresponding positively detuned frequencies. Equation 5 is important for us, since one can
use it to simulate the SOPS by determining the values of ‘E (2)(a))‘2 in which the phase of the field

at frequency w is given by the sum inside the square brackets appearing in eq 5. The simulated

SOPS can then be directly compared to the second harmonic generation (SHG) spectrum, which

is also given by ‘E @ () g provided that the SHG crystal is thin enough to phase match the entire
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bandwidth of the pulse. The dependence of SHG on spectral phase,'? such as chirp and third-order
dispersion, has been used by the Dantus group to develop a number of highly accurate pulse
characterization and compression methods based on the principle of multiphoton intrapulse

interference phase scan (MIIPS),3*-4? which is employed in this study as well.

For simulating and carrying out the control experiments reported in this work, we used
well-defined spectral functions to ensure that the observed quantum control is not caused by tuning
the frequency of the TPE field. The form of the spectral phase functions, which we adopted in this
study and which is shown in Figure 1a, resembles a window having zero phase for all frequencies
except for a region of given width in the center of the spectrum that has a constant phase which is
scanned during the experiment. By inspecting eq 5, one can obtain the phase of the field at
frequency w as the sum of the phases that are symmetrically detuned around w/2. In the present
study, we report results for the phase value scanned from —27x to 27 in order to modulate the relative
contributions from the dipole and virtual pathways, as further discussed below. When the phase
has a value nm, with n an even integer, the pulses are of the TL type and favor the virtual pathway.

For phases where 7 is an odd integer, the pulses are longer and favor the dipole pathway.

The expected effect of the phase scan on the SOPS, obtained as a contour plot of ‘E @ (a))‘2

calculated using eq 5 for 16.6 fs pulses, is shown in Figure 1b. In Figure lc, we show the
experimentally obtained SHG spectrum as a function of the 40 nm phase window being scanned
from —2n to 2n. The excellent agreement between theory (Figure 1b) and experiment (Figure 1c)
required careful pulse compression and a very thin SHG crystal, both described in the
Experimental Details section below. The data in Figure 1b and ¢ show areas where constructive
(red color, when the phase window is 0 or +27) and partial destructive (blue color, when the phase

window is ) interferences take place.
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Figure 1. (a) A 40 nm wide spectral phase window centered on the spectrum of 16.6 fs Gaussian pulses at 811 nm

SHG Spec (hm)

390

380 0.0

resulting from the phase scanning from 0 to 2. (b) Calculated SOPS resulting from scanning the phase window from
—2m to 27. (¢) Experimental SHG spectrum as a function of the same phase window scan as used in (b). In panels (b)

and (c), areas where constructive and partial destructive interferences take place are colored red and blue, respectively.

The efficiency of TPE depends not only on the phase of the pulse, but also on the overlap
between the SOPS and the two-photon absorption spectrum of the chromophore. Therefore, we
need to make sure that the latter factor stays constant, given that our interest is to control the
interference between the virtual and dipole pathways in TPE. As mentioned above, the chosen
phase window function preserves the central wavelength of the SOPS, ensuring that changes in
excitation probability are minimized (Figure 1b and c). We provide further verification of this in
Figure 2. Specifically, in Figure 2a we present the SOPS data for shaped pulses using a 40 nm
wide phase window with different amplitudes, plotted together with the TPE spectrum of FR0-SB
in methanol using the data points reported in ref 19. As demonstrated in Figure 2a, the SOPS
remains centered at 405.5 nm as the amplitude of the phase window changes. In Figure 2b we
show the SHG intensity, the simulated two-photon excited fluorescence (TPEF) corresponding to
the overlap integral between the SOPS and the TPE spectrum of FR0O-SB, and the ratio between
these two quantities as functions of the phase of the 40 nm window. We find that the overlap

between the SOPS and the two-photon absorption spectrum of the chromophore differs only very

8
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little from the SHG signal, as shown in Figure 2b. Hence, the ratio between these two quantities
remains close to 1, with variations of less than 3% for all phase amplitudes. Although not shown

in Figure 2b, the same is observed for the other window widths used in this work.
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Figure 2. (a) The TPE spectrum of FR0-SB in methanol (black squares), based on the data points reported in ref 19,

along with the SOPS for the 40 nm wide phase window at selected amplitudes. Note that as the phase amplitude
changes the SOPS remains centered at 405.5 nm. (b) The results of simulations of the TL-normalized overlap integral
between the SOPS and the TPE spectrum of FR0-SB in methanol (black open squares), the TL-normalized SHG signal

(blue circles), and the ratio of the two signals (red diamonds) as functions of the spectral phase of the 40 nm window.

Having demonstrated the validity of eq 5, we transform eq 2, with the help of eqs 4 and 5,
into a formula that one can use to predict how two-photon transitions in non-centrosymmetric
molecules are affected by broadband-shaped laser pulses. Given that the coherent superpositions
of tens or hundreds of intermediate states v in eq 2, which are expected to have small
Frank—Condon factors, are short lived, we assume that the virtual pathway behaves as a parametric
process. Thus, we describe the virtual pathway using eq 5, which is similar to the approximation

adopted by Silberberg and coworkers in simulating the non-resonant TPE path.!3 As implied by eq

2, the dipole pathway contains the action of the field on the transition dipole moment ¢, and on

9
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the difference between the ground- and excited-state permanent dipoles Az, which include the

aforementioned phase lag, designated here as ¢. Thus, given the fact that the dipole-allowed one-

photon transitions between the initial and final stationary states associated with ,, are not

significantly affected by pulse duration, we represent the dipole pathway contribution to eq 2 by

multiplying the square of E(w/2), as defined by eq 4, by the phase lag term e”, while
incorporating the orientationally averaged u,, and Az, values in an empirical constant a that

describes the relative contribution of the two pathways. The resulting expression for the probability
of TPE, which allows us to simulate the effect of shaped laser pulses on two-photon transitions in

non-centrosymmetric molecules, is as follows:

aE (0] 2)e*[

PP(w/2)c|EP (0)+
o (@/2) (@) pyES

S (®). (6)
In transitioning from eq 2 to eq 6, we adopted a simplifying assumption where the contributions
of all intermediate states v to the TPE absorption cross section, including vibronic components,
are lumped into a single electronic state. While we realize the limitations of this assumption,
expanding our analysis to explicitly include vibrational modes that may be accessed by the
broadband pulse and the effects of homogeneous and inhomogeneous broadening caused by the

solvent is outside of our present modeling capabilities. Note that because our experiments are
carried out with broadband femtosecond laser pulses, the determination of the E“(w)
contribution to eq 6 for a given spectral phase function @(w/2) requires the integration over all
Q values in eq 5.

In the experiments reported in this work, we measured the frequency integrated TPEF

TPEF

shaped » Telative to that obtained for TL pulses, S . Based on

signal obtained for shaped pulses, S

the considerations described above, one should be able to model the ratio of the frequency

integrated TPEF signals obtained using shaped and TL pulses using the following expression:

ToEF “|E?(0)+ aEX(@/2)e? [(w/2)]  d(w/2)
S / —0 shaped
Su

shaped — > . (7)
Lﬁ\Ewa)) +ak’ (@/2)e*/(0/2)]_ d(w/2)
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In writing eq 7, we assumed that the TPE line shape g,,,(@) in eq 6 is a slowly varying function

of w, so that one can cancel it out. Indeed, when we included the TPE line shape function g,,,(®)

S TPEF

duped / S1i " values using the two-photon absorption cross section of

in the determination of the

FRO-SB in methanol from ref 19, its effect on the simulated signal was very small. We used eq 7,

with E®(w) and E(w/2) determined using eqs 5 and 4, respectively, in our simulations,

comparing the resulting S; - / S;'™ values obtained at the different phases and window widths

shaped

with the experimental data. In determining the spectrum of the pulse entering eq 4, we used the

[ (0/2-ay)/ 2T

expression I/(w/2)=e , where 7, is the pulse duration full-width at half maximum

(FWHM) of the Gaussian pulses, g =24/log2, and @, is the center frequency of the laser. In the
simulations shown in this work, we used 7, =16.6 fs and @, = 2nc/ A, with ¢ being the speed of

light and 2 =811 nm, and the phase window was centered at the center frequency of the laser
pulses. The phase lag associated with the dipole pathway that best reproduced the experimental
data was ¢ = 0.46mw, and the value of the empirical constant a in eq 7 that worked best was 0.075.

STPEF

uped / S1i " ratio as a function of the phase window, we varied the window

In simulating the

phase from —2x to 2m and the window width from 10 nm to 50 nm. We also simulated the ratio of
the frequency integrated SHG signals obtained for shaped and TL pulses as a function of the phase

window using the formula

gsio [ E(@)  d(@/2)
Shap%HG _ ,ww sh;ped , (8)
St [TE? (o) d@/2)

where E® () was calculated using eq 5 and the window phase and width were varied in the same

S TPEF

SSHG
shaped

et / St with experiment. Finally, we

way as for / St , comparing the resulting

calculated the ratios of the TL-normalized TPEF and SHG signals obtained using eqs 7 and 8,
respectively, and compared them to their experimentally determined counterparts. All of the
simulations reported in this work were carried out by programming eqs 4-8 using Wolfram

Mathematica 11.
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To make sure that our model predicting how two-photon transitions in non-
centrosymmetric molecules are affected by shaped laser pulses is consistent with the experimental
data, it is important to consider situations where the TPEF signal does not exhibit a square law
dependence on laser intensity (i.e., the power dependence with » = 2) assumed in our
considerations above. Such situations could be caused, for example, by saturation of the two-
photon transition. Although saturation was not reached in our experiments, the deviations from a
square law dependence of the TPE rate for molecules with large dipole moments have been

suggested in ref 43. We simulate such deviations assuming that no interference occurs between the
virtual and dipole pathways, i.e., the 2Re([E(2)(a))]* xaE*(w/2)e" /(@) 2)) terms obtained by

expanding the integrands in the numerator and denominator of eq 7 are neglected. This assumption

leads to the following modification of the formula for the TL-normalized TPEF signal:

2

L J:UE‘” @[ +aE*@/2)e" (] 2)EhapeJ d(w]2)

shaped
EF —

T e

shaped

; + ‘aEz(a)/ 2)e* (o] 2)‘;}1(@ /2)

)

We found that for this case, the value of the empirical constant a in eq 9 that worked best was 0.18.
As discussed in the Results and Discussion section, these simulations failed to simulate several
features found in the experimental data, suggesting that the interference between virtual and dipole

pathways is of paramount importance.

When simulating the TPEF signals and their ratios with SHG as functions of the width of
the phase window, we found that the results obtained for broader windows agreed with the
experimental data, but those obtained for the narrow ones did not. We considered the lack of
agreement found for narrower phase windows to be caused by inhomogeneous broadening, which
is quite significant in protic solutions of FR0-SB.!° In doing so, we assumed that one might expect
a reduction of the interference between the virtual and dipole pathways in TPE processes when the
window widths become narrower. To simulate the effect of the postulated interference reduction
in the TL-normalized TPEF signals as a result of inhomogeneous broadening, we formed a linear
combination of eq 7, which assumes interference, and eq 9, in which interference is absent, and
compared the resulting TPEF/SHG ratios with the corresponding experimental data. The relative

contribution of eq 7 to the linear combination of eqs 7 and 9 was increased linearly from 0% for
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the 10 nm window width to 80% for the 50 nm window width. As shown in the Results and
Discussion section, the model assuming the decrease of interference as a result of window width

reduction is in much better agreement with the experimental data obtained for all phase windows.

EXPERIMENTAL DETAILS

The experimental setup used a Ti:Sapphire oscillator (Coherent Vitara-S) producing pulses
with a repetition rate of 80 MHz for excitation. The pulses were compressed and shaped with a
pulse shaper (MIIPS Box 640, Biophotonic Solutions Inc.) using MIIPS.33#? The output beam,
centered at 811 nm with a pulse duration of ~16 fs, was split with a 20:80 beam splitter (Thorlabs
UFBS2080). The reflected beam (20% reflected) was frequency doubled in a B-BBO crystal to
serve as our reference, which was detected with an Ocean Optics USB4000 spectrometer. The
transmitted beam was focused by a 10 cm focal length convex lens onto a 1 cm cuvette containing
the solutions of FR0-SB in methanol with a concentration of ~6 uM. The maximum laser power
at the sample was ~50 mW with a peak intensity of ~6x108 W/cm?, which is at least one order of
magnitude below the onset of saturation (cf. Figure S1 in the Supplementary Material of ref 19).
TPEF was detected perpendicular to excitation with a 2.5 cm focal length convex lens to collimate
the signal followed by a 10 cm focal length convex lens to focus the signal onto an Ocean Optics
QE PRO spectrometer. The pulse chirp in both the reference signal and the fluorescence excitation
beam paths were matched to a value of less than 50 fs? by the introduction of glass slides in the
reference beam path so that the pulses in both paths were TL after pulse compression using MIIPS.
All experiments were performed multiple times to ensure reproducibility of the data. The laser
power dependence for TPE for the samples measured gave a nonlinear exponent of 1.90 + 0.02.
Deviation from the exact square law dependence is expected for molecules with significant dipole

pathway contribution.!>#3

RESULTS AND DISCUSSION

Two-photon excitation of the super photobase FR0-SB leads to the electronically excited

S, state FR0O-SB*, which shows emission at ~21,000 cm™.!° In protic solvents, excited-state proton
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transfer from the solvent to the photobase FR0-SB* leads to the formation of the excited
protonated photobase FRO-HSB**, which emits at ~15,000 cm!.181° Because the SHG spectrum

. 2 . . .
provides an accurate measurement of ‘E @ (w)[", which, as shown by comparing Figures 1b and

Ic, can be accurately modeled using eq 5, it serves in this study as a reference. In this study, we
collected the frequency integrated TPEF signals using shaped and TL pulses for FR0-SB in
methanol and compared them to the SHG reference data. Using the same phase functions as those
utilized in Figure 1 and eq 5, we simulated the ratios of the frequency integrated TPEF signals
obtained for shaped and TL pulses, defined by eq 7, and their SHG counterparts, defined by eq 8,
using the window width of 40 nm and window phases varying from —2x to 2w. The results of these
simulations are shown in Figure 3a. The corresponding experimental TPEF signals for FR0-SB in
methanol and the experimental SHG reference spectra obtained using shaped pulses and
normalized to their values under TL excitations are plotted in Figure 3b. The ratio of the

fluorescence signal to the integrated laser signal amplitude reveals a maximum enhancement at

+0.75n and £1.25m, when the probability for TPE exceeds the value predicted by ‘E (2)(0))‘2 alone.
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Figure 3. (a) Simulation of the TL-normalized TPEF signal based on eq 7 (black squares), the TL-normalized SHG

signal based on eq 8 (blue circles), and the ratio of the two signals (red triangles) as functions of the spectral phase.
The simulation parameters are given in the Theory section. (b) Experimental data corresponding to (a) obtained
following TPE of FR0-SB in methanol using 16.6 fs pulses and a 40 nm window as a function of the spectral phase.
The TL-normalized TPEF signal is shown in black squares, the TL-normalized SHG signal is shown in blue circles,

and the ratio between the two signals is shown in red triangles.

The excellent agreement between the simulation and experimental data shown in Figure 3
demonstrates that the anticipated control of the quantum interference between the virtual and
dipole pathways that contribute to TPE in large non-centrosymmetric molecules in solution is
indeed possible. To examine the possibility of controlling the interference between the two
pathways, we performed a series of additional measurements in which the TPEF signals for FR0-
SB in methanol and the corresponding SHG reference signals were obtained for several different
phase window widths ranging from 10 nm to 50 nm and plotted as functions of the window phase

scanned between —2m and 2x. The results of these additional measurements are shown in Figure 4.
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Figure 4. Experimental results for the frequency integrated TPEF signal for FR0O-SB in methanol (black squares) and
the reference SHG signal of the laser (blue circles), along with the TPEF/SHG signal ratios with error bars (red
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and (e) 50 nm. The TPEF/SHG signal ratios for all window sizes examined in (a)—(e) are shown in (f).

The results in Figure 4 show a clear dependence of the TPEF/SHG signal ratios on the
window width. When the window is 10 nm wide, the maximum enhancement in the normalized

TPEF is only 25% above that of the normalized SHG signal. However, for a window width of 40
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nm we observe that TPEF can be up to 75% greater than the SHG signal. As the window width
increases further to 50 nm, the observed enhancement diminishes. The optimum window width is

found to be about 2/3 of the FWHM of the laser pulse spectrum (cf. Figure 1a).

As already mentioned in the Theory section and as implied by comparison of Figures 3a
and 3b, the parameter a measuring the relative contribution of the dipole and virtual pathways and
the phase lag ¢ characterizing the dipole pathway can be fit to closely match the experimental
results shown in Figure 3b. However, eq 7 fails to reproduce the experimental data for some of the
window widths examined in Figure 4. This is demonstrated in Figure 5, where we show the
simulated TPEF and SHG signals, along with the corresponding TPEF/SHG ratios, as functions of
the window phase scanned between —2x and 2n for window widths ranging from 10 nm to 50 nm,
using the same parameters as used in Figure 3a and described in the Theory section. While the
agreement between experiment and simulation is best for the larger phase window widths, the
simulation results for the 10 and 20 nm windows based on eq 7 do not match the corresponding

experimental data.
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Figure 5. Simulation results for the frequency integrated TPEF signal for FR0-SB in methanol (black squares) and
the reference SHG signal of the laser (blue circles), along with the TPEF/SHG signal ratios (red triangles), based on
eqgs 7 and 8, plotted as functions of the spectral phase for window widths of (a) 10 nm, (b) 20 nm, (¢) 30 nm, (d) 40
nm, and (¢) 50 nm. The simulated TPEF/SHG signal ratios for all window sizes examined in (a)—(e) are shown in (f).

The simulation parameters are given in the Theory section.
To understand the disagreement between simulations based on eq 7 and experiment for
narrower window widths, we explored two alternative explanations. In the first explanation, we

assumed that there is no interference between the virtual and dipole pathways and that the presence

of the dipole pathway attenuates the laser power dependence of two-photon transitions. This idea
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of reduced power dependence was explored by Meath who discussed the intensity dependence of
two-photon absorption due to the direct permanent dipole moment excitation mechanism.** By
employing the rotating wave approximation, Meath showed that the TPE rate due to direct
permanent dipole mechanism is not necessarily proportional to the square of the laser intensity and
may display a lower power dependence, which for very low intensities can be a linear function of
the laser intensity. We simulated the TPEF signals assuming that no interference occurs between
the virtual and dipole pathways using eq 9. We found that for these simulations the value of the
empirical constant a in eq 9 that worked best was 0.18. Figure 6a shows the results of the
simulations based on eq 9, presented as the ratio between the calculated, TL-normalized, TPEF
(eq 9) and SHG (eq 8) signals. The results in Figure 6a demonstrate that the neglect of the
interference between the virtual and dipole pathways fails to describe the experimental TPEF/SHG
ratios shown in Figure 4f. In particular, the theoretical TPEF/SHG ratios simulated in this manner
fail to reproduce the dip in the experimental TPEF/SHG ratios, which, as shown in Figure 4f,

should occur when the phase is +n.

In the second explanation of the failures of eq 7 for the narrower window widths, we
assumed that eq 7 is capable of modeling the interference, but we also postulated that the
interference at smaller window widths may weaken due to inhomogeneous broadening. This could
be rationalized by the fact that FR0-SB in methanol represents a situation where a large molecule
is hydrogen-bonded to a strongly polar solvent,'” so that the inhomogeneous broadening might
dominate the TPE line width(s) when dealing with narrow phase windows. The simulations shown
in Figure 5, which do not take into account inhomogeneous broadening, show a narrow but
significant interference when the amplitude of the phase window is £x, especially for the 10 and
20 nm windows. However, the experimental data shown in Figure 4 indicate that inhomogeneous
broadening significantly dampens this interference and a broad background of ‘unshaped’ field
observed for windows narrower than 30 nm becomes dominant. The effect of inhomogeneous
broadening was taken into account by the simulations shown in Figure 6b, where the contribution
from eq 7 to the linear combination of eq 7, which assumes interference, and eq 9, in which the
interference is absent, was linearly increased from 0% for the 10 nm window width to 80% for the
50 nm window width. These modified simulations are in much better agreement with the
experimentally observed TPEF/SHG ratios, shown in Figure 4f and reproduced in Figure 6c¢, than

those obtained by dividing eq 7 by eq 8 or those presented in Figure 6a that ignore interference.
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Figure 6. Calculated [panels (a) and (b)] and experimentally determined [panel (c)] TPEF/SHG ratios as functions of

phase values for different window widths. (a) Results obtained assuming that the interference between the virtual and
dipole pathways in the TPEF signal can be neglected, as in eq 9. (b) Results obtained assuming that the TPEF signal
can be simulated using a linear combination of eq 7, which assumes interference, and eq 9, where interference is
absent, with the contribution from eq 7 being increased linearly with the window width (see text for details). (¢)

Experimental data, as shown in Figure 4f, reproduced here to facilitate comparison.
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CONCLUSIONS
The dependence of TPEF of FR0-SB in methanol on the spectral phase of femtosecond

broadband pulses, which reflects on the quantum interference between the dipole and virtual
pathways that contribute to TPE, was examined experimentally and theoretically. When
normalized for pulse duration, enhancements by a factor of up to 1.75 in the experimentally
observed TPEF were found. Simulations taking into account the different responses of the virtual
and dipole pathways to external fields and the effect of pulse shaping on two-photon transitions,
were found to be in good agreement with the experimental measurements, but we encountered
situations corresponding to narrow spectral window widths for which there were disagreements
between theory and experiment. We explained these disagreements by postulating that the
interference between the virtual and dipole pathways at smaller window widths weakens as a result
of inhomogeneous broadening, showing that the model assuming the decrease of interference as a
result of window width reduction is in very good agreement with the experimentally observed
TPEF/SHG signal ratios obtained for all phase windows. At the same time, we demonstrated that
simulations ignoring the interference between the virtual and dipole pathways and considering an
attenuated power dependence only fail to reproduce the experimental data. Findings from the
present study, in addition to their potential impact on applications that depend on TPE, may be
relevant to ongoing research on the two-photon transitions induced by entangled photons,*4°
where even molecules with weaker permanent dipole moments may exhibit strong quantum

effects, such as transparencies.
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