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ABSTRACT

We describe the extension of a femtosecond pump-probe experimental layout from one
that primarily measures third-order birefringent optical nonlinearities to one that can also
characterize the dichroic nonlinearities, such as two-photon absorption (TPA). We use
this technique, differential optical Kerr effect (DOKE) detection, to study the 800 nm
third-order birefringent and/or dichroic nonlinearities in several series of highly-
conjugated chromophores and oligomers.

We have revisited a series of cross-conjugated iso-polydiacetylene oligomers (iso-
PDAs), extending their length past 7 repeat units to a total length of 15 repeat units.
Whereas we previously reported a linear increase in the second-hyperpolarizability, v, as
a function of oligomer length for short iso-PDAs, the extended oligomers exhibit a
superlinear increase in y. This represents the first report of such an increase in a cross-
conjugated oligomer series. We identify in this increase two linear regimes which may
indicate the onset of folding to a helical structure at a length between 7-9 repeat units.

We have studied the optical nonlinearities of an extended series of polyynes.
Polyynes are linear sp-carbon chains that model the hypothetical carbon allotrope
carbyne. As the polyyne length is extended, the corresponding rise in v is the fastest
reported for any oligomer series, showing that these are promising nonlinear optical

materials. Furthermore, power law increases in both yand the absorption onset energy as
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a function of oligomer length closely model behaviour predicted for purely one-
dimensional materials. We also observe two-photon absorption in the longest of the
polyyne oligomers, which suggests a reversal of standard energy-level symmetry
alternation.

The third-order optical nonlinearities were also investigated in fullerene-
terminated conjugated molecules, where we find evidence for charge-transfer from the
conjugated backbone to the fullerenes. Furthermore, whereas pristine Cqo displays very
small nonlinearities, we observe a large nonlinear optical response from fullerene-
oligomer hybrids.

We have extensively studied a series of self-similar two-dimensionally conjugated
cruciform chromophores and find the nonlinearities to depend drastically on
donor/acceptor substitution symmetry about their central benzene core. We obtained the
TPA spectra of these molecules with ultrafast z-scan measurements and find that the all-
donor species displays considerably higher peak TPA than that found in its donor-
acceptor counterparts. We also identify and address excited-state absorption (ESA) and
birefringence dynamics in these molecules, as obtained at 800 nm with DOKE.

Finally, we report on the design of an 800 nm pump-white light probe
experimental setup. We present preliminary results investigating the non-degenerate TPA

and ESA response of a standard (MPPBT) conjugated chromophore.
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1.2
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[colour] Schematic representations of molecular two-photon absorption. (a)
Standard one-photon absorption (blue; left), degenerate two-photon
absorption (red, red; middle), and non-degenerate (green, dark-red; right)
two-photon absorption to the same energy level. In many organic systems,
identical fluorescence (yellow) is observed from one- and two-photon
accessed states.[9,46] (b) A two-level model is often sufficient for modeling
TPA in dipolar systems. g is the ground state and e is the excited-state; £y
and E. are their energies and y; and s are their static dipoles. M, is the
transition dipole between these states. 6@ is the two-photon cross section
for this transition, and %w is the energy of the incident laser light. (¢) A
minimum three-level model is needed for explaining TPA in symmetric
systems lacking permanent dipoles. The ground state in such chromophores
is of gerade (A4;) symmetry, as is the two-photon allowed state. The two-
photon-forbidden but one-photon-allowed state is of opposite, ungerade
(By), symmetry. [(Ee-Eg)- hw] is the detuning factor, and is inversely
proportional to 6 in symmetric systems

Representative high two-photon absorbing compounds. High o®-values
were obtained for Distyrylbenzene-based Strehmel-3 and Strehmel-4 using
femtosecond two-photon excitation fluorescence spectroscopy.[50] High

o¥-values were obtained for diacetylene-based MPPBT using femtosecond
z-scan.[51]

A schematic of our DOKE experimental layout: PDs A & B: Balanced
photodiodes; PD C: reference photodiode; BS: 10:1 beam splitter; A/4:
quarter-wave plate; A/2: half-wave plate; P: Glan-laser polarizer; A:
Wollaston polarizer acting as an analyzer; L: lens (f = 40 cm); CH: chopper

operating at 270 Hz; PC: computer; S: 1-mm path length quartz cuvette
sample holder

Two-photon absorption (TPA) and excited-state absorption (ESA) processes
to which DOKE detection is sensitive. DOKE monitors pump-induced
absorption in the probe beam, and is thus only sensitive to changes in the
probe beam. TPA is measured as an instantaneous response, and ESA is
measured at longer probe delay times
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2.3 Nonlinear absorption dynamics in an MPPBT sample. (a) At a probe delay
time of 0 ps, an instantaneous TPA signal is seen that follows the cross
correlation of the pump and probe pulses. (b) At later times, considerable
excited-state absorption is seen, displaying a bi-exponential decay with a
prominent and well-resolved 30 ps decay time (inset). A similar decay rate
of 40 ps is confirmed by time-resolved fluorescence measurements.[22]
Solid line in inset is a bi-exponential fit, with the obtained parameters
1epOrted ON the PIOt.. c.coveriiiriiiieerree et 37

2.4 On-peak (probe delay time of 0 ps) nonlinear absorption DOKE response in
MPPBT. A linear dependence with pump power is an indication of a pure
two-photon absorption process. The typical pump powers used for DOKE
experiments are well within this linear range, as shown. Dashed line is a line
of best fit to a power-law fUnCtion............cceeiveeircniinie s 38

2.5 Pump-dependent nonlinear absorption DOKE response from MPPBT at a
probe delay time of 5 ps. A square dependence with pump power is
indication of a pure two-photon accessed single-excited-state absorption.

The typical pump powers used for DOKE experiments are well within this
range, as shown. Dashed lines are fits to a power-law function. They have
been drawn to extend past their fitting ranges for improved visibility. .................. 38

2.6 Chemical structure of TPA reference samples AF60 and AF50. The two

species differ by the length of the pendant alkyl side chains off the fluorene
CEIMITE. 1ot iitie ittt st st e sttt e e s e e s r e ssee e st s n e e s e neas 39

2.7 Time resolved nonlinear absorption signals of AF60, and MPPBT, and of
their respective solvents, obtained using the dichroic polarization condition.

The inset shows the signal from the THF solvent. Each trace represents an
Average Of three SCANS ......cvviiririiiciecrieee ettt sttt nanas 40

2.8 Raw DOKE scans in the second Polarization Condition for AF60, showing
A-B and A+B signals. Both signals show peaks at zero probe delay time,
reflecting instantaneous TPA, as well as time-delayed tails suggesting
Pump-induced excited state absorption. Both signals can be used to obtain
o™ values. The dashed line establishes a baseline for the A+B signal.. ................ 41

2.9 [colour] Transient absorption signals from a tetrakis(phenylethynyl)benzene
(ortho-TPEB) sample in THF. The strongest TPA is observed when both
the pump and probe beams are parallel in polarization, in close agreement
with the 3:1 parallel:perpendicular TPA predictions by Birge and
PIEICE.[29]. ettt et st et b e b b sttt sre e 43

2.10 [colour] Whereas the transient absorption measurement differs depending on
the pump and probe polarizations, DOKE signals are always the same as the
transient absorption experiment with a relative 45° pump-probe angle. The
inset shows that this stands for ESA signals as well. The sample investigated
is ortho-TPEB (structure is shown in Fig. 2.9)
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2.11 Various signals from ortho-TPEB in the DOKE birefringent polarization
condition. A+B signals monitored at 270 Hz and 1kHz detect transient
absorption signals, while the A-B signal monitors transient birefringence.
Clearly, the birefringence response is different from the absorptive signal,
and both of these must be taken into account for the full DOKE analysis. ............ 45

2.12 Longer time signals of those presented in the previous figure. The absolute
|A-B| signal is larger than the absorptive A+B signal, and shows better

signal-to-noise. The two phenomena also present different exponential
decay dynamics in this particular SAmpIe. ........ccvcerveiireninireneen e 46

3.1 Single-beam nonlinear absorption measurements on MPPBT in DMSO.
The data is fit to an equation (inset) that accounts for a constant reflection at
the front-surface of the sample cuvette. The output power was calibrated by
a polynomial of order 4, to approximate linearity through the vacant path.
All other single-beam runs were normalized to this calibration. Solid lines
are free fits to the inset equation. Fitting parameters are reported in Table

e e et 53

4.1 Various carbon allotropes. While diamond, graphite, and fullerenes are well
known, carbyne is relatively obscure and elusive. Carbyne is a

homogeneous and linear chain of sp-hybridized carbons, with unknown
electronic properties

4.2 Variously conjugated oligomers, for comparison with polyynes (PY).
Whereas all of the other oligomers have some sp” character in the

conjugated backbone, polyynes are composed of an entirely sp-hybridized
CArDON CHAIN. 1..eiiiericii ettt b et n e neeesreas 59

4.3 A schematic representing how conjugation and p-orbital overlap are
disrupted by rotations about single bonds in sp2 and sp hybridized paths.
While polyenes can experience the maximum misalignment of m-orbitals,
polyynes experience no more than a 45° misalignment through rotation, and
thus always maintains some degree of conjugation

4.4 Structural representation of the oligomeric compounds discussed in this

chapter. The full extent of longest polyyne, TIPS-10yne, is shown for
EINPRASIS. ..ottt e s e e s 60

4.5 UV-vis absorption spectra of the studied polyynes. (a) TIPS-PYs. (b) p-
PYs. (c) Selected polyynes re-displayed for an overlay comparison between
the two series. TIPS-8yne and TIPS-10yne show spectra wherein the
vibronic structure of the pure polyyne backbone is dominant. In p-6yne and
p-8yne, the absorption spectrum is more complex. Black arrows signify Amax
in region I (upwards) and region Il (downwards), used for further analysis.
Inset expands region II absorption in p-8yme. .........ccooevvivviinieriienieeneccee e 65
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4.6

4.7

4.8

4.9

5.1

5.2

Absorption trends in two series re-analyzed from the literature (a),[21,27]
and in our studied polyynes (b). Power law decreases in the absorption
energy as a function of oligomer size for the polyynes indicate that
saturation in the conjugation length has not yet begun (fits are shown by
solid lines). Polytriacetylenes (PTAs) and poly(phenylene ethynylene)s
(PPEs) also show decreases of the gap energy with length, but they do not
follow a strict power-law. The best power-law fit for PPEs is shown

Power law trends for increasing third-order molecular nonlinearity, y, with
chain length for both of our polyyne series and for two poly-enyne series re-
plotted from the literature.[21,27] p-PYs show a power law that is very
similar to that of the 77PS-polyynes, which show the largest power-law
exponent of any conjugated oligomers system. The solid lines are fits to the
form y=a+bn, where a is an offset due to the end-group effect, b is a
constant, and ¢ is the power-law exponent For PTA and PPE, an offset of
a=0 was used in in these fits. For p-PY and TIPS-PY, 0=8.8x107® esu and
a=2.2x107 esu were used, respectively

A scatter plot of two-photon absorption cross-sections obtained from
polyynes at 800 nm. Absolute o™-values are relative to 6@yppgr=380 GM
(1 Goppert-Mayer (GM) = 10°° cm*s'photon ' molecule™)

[colour] Selected time-resolved nonlinear absorption signals. (a)
Instantaneous two-photon absorption gives way to longer-lasting excited
state absorption. (b) Excited-state absorption in two samples studied at long

times show a simple exponential decay fits (solid lines) with two very
different relaxation times

Conjugation routes and general structure of the studied
tetrakis(phenylethynyl)benzenes (TPEBs) and the analogous TEE and CEE
motifs studied by other groups.[22,28] TD-TPEB and para-TPEB are
quadrupolar and lack permanent dipole moments. meta-TPEB and ortho-
TPEB are the dipolar isomers of para-TPEB (dipoles are shown as gray-
filled arrows). Conjugation in TEE type structures is described in terms of
three routes; (a) trans-conjugation (linear), (b) cis-conjugation (‘bent’), and
(c) geminal (coss-conjugation). Similarly, conjugation paths in TPEBs
follow (a) linear conjugation (para-linked), (b) bent-conjugation (ortho-
linked), and (c) cross-conjugated (meta-linked)

Two-photon absorption spectra of TPEBs (bottom and left axes). The UV-
vis spectrum is overlaid (top and right axes) to match the same total photon
energy with TPA. Also included is the sample absorption at experimental
concentration (bottom & right axes). (a) dipolar meta-TPEB; (b) dipolar
ortho-TPEB; (¢) quadrupolar TD-TPEB; (d) quadrupolar para-TPEB
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5.3

5.4

5.5

5.6

5.7

[colour] Molecular orbital and transition density maps of the lowest lying
states/transitions in TD-TPEB. Molecular orbital maps were calculated with
Gaussian 98 at the B3LYP/6-31G* level of DFT, by Haley et al.[2]
Transition density maps were sketched by hand by overlapping the
appropriate MO maps. Within each map, the two different colors represent
different phases of the wavefunction /transition density. A net transition
dipole is denoted with a black arrow on the transition density maps

[colour] Molecular orbital and transition density maps of the lowest lying
states/transitions in meta-TPEB. Molecular orbital maps were calculated
with Gaussian 98 at the B3LYP/6-31G* level of DFT, by Haley et al.[2]
Transition density maps were sketched by hand by overlapping the
appropriate MO maps. Within each map, the two different colors represent
different phases of the wavefunction /transition density. A net transition
dipole is denoted with a black arrow on the transition density maps

[colour] Molecular orbital and transition density maps of the lowest lying
states/transitions in ortho-TPEB. Molecular orbital maps were calculated
with Gaussian 98 at the B3LYP/6-31G* level of DFT, by Haley et al.[2]
Transition density maps were sketched by hand by overlapping the
appropriate MO maps. Within each map, the two different colors represent
different phases of the wavefunction /transition density. A net transition
dipole is denoted with a black arrow on the transition density maps

[colour] Molecular orbital and transition density maps of the lowest lying
states/transitions in para-TPEB. Molecular orbital maps were calculated
with Gaussian 98 at the B3LYP/6-31G* level of DFT, by Haley et al.[2]
Transition density maps were sketched by hand by overlapping the
appropriate MO maps. Within each map, the two different colors represent
different phases of the wavefunction /transition density. A net transition
dipole is denoted with a black arrow on the transition density maps

[colour] Dichroic DOKE condition measurements of TPEBs. (a) The
ultrafast response that is centered about a probe delay time of zero
represents the two-photon absorption process. The individual data points of
the TD-TPEB trace are displayed to indicate the temporal resolution used.
(b) The instantaneous TPA process gives way to long-lasting excited-state
absorption dynamics. The donor-accepetor isomers show a rise and peak,
corresponding to the population of the excited-state from which exponential-
rate depopulation takes place
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5.8 [colour] Two-photon-accessed excited-state absorption decays fit to a bi-

exponential form (probe delay times >1.5 ps). None of the fits (solid lines)
required an offset (term a in Eqn. 5.1)

5.9 A simple model to account for the observed excited-state dynamics in
Donor-Acceptor TPEBs. Sy is the ground electronic state. State S; is the
two-photon electronic state with the solvation geometry of the ground state.

State S;” is the relaxed two-photon state with appropriate solvation
BEOIMIEIIY . weuuteeeieiiiereiceetreentteereertr e cresceestnesb e s e e s ees et emae e e bbe st eesbeeneeamtee sbesanesansaneane 96

5.10 400 nm pump-800 nm probe transient absorption signals of donor-acceptor
TPEB isomers. After the initial excitation (a), a rise to another absorbing
excited-state is observed (b), and is especially well resolved in the ortho-
TPEB sample. (b) Fits to a bi-exponential form (solid lines) required a finite
(but very small) offset @ in Eqn. 5.1. Signals are normalized to the peak
absorption value of 1. Decay dynamics are: para-TPEB,71=1.6 ps
(rise), »=21 ps (decay); meta-TPEB, r;=2 ps (rise), »=22.5 ps (decay);
ortho-TPEB, 11=2.9 ps (rise), 2=35.6 PS (d€CaAY)...cecrrmrrrrririieieeirecerree e srenes 97

5.11 Refractive DOKE polarization condition TPEB scans—THF solvent
response removed. Responses are ultrafast about a the probe’s arrival time
and represent the ultrafast electronic Kerr response. The subtraction of
externally-obtained THF response introduces slight time-shifts and artifacts
around the peak. TD-TPEB—shown with individual data points to illustrate
scan resolution—is the only sample that shows a positive y value at 800 nm.
para-TPEB displays the [oWest TESPONSE. .....cccvvevirereieneeriee e e sresaenes 98

5.12 [colour] Induced birefringence dynamics fit to a bi-exponential form (solid
lines; prode delay times >1.5 ps). A very small offset of |a] < 0.00015 was
required to fit the signals of meta-TPEB and ortho-TPEB. Whereas all
other samples display ultrafast and long-lasting nonlinearities of the same
sign, meta-TPEB shows a switch in the sign of the birefringent nonlinearity;
a negative on-peak electronic Kerr nonlinearity becomes a positive excited-
state birefringent nonlinearity. The decay dynamics obtained from the fits
are: TD-TPEB, 7= 4.4 ps, =350 ps; meta-TPEB, 71=2.7 ps (rise), n=24
ps; ortho-TPEB, 1;=1.6 ps (rise), »=32 ps; para-TPEB, 1=1.2 ps (rise),

6.1 Chemical structures of the reported OPE-based compounds. Sample Cgo-
oct-50PE was not sufficiently soluble for NL.O characterization

6.2 UV-vis absorption spectra for OPE-precursors and OPE-fullerene hybrids in
o-dichlorobenzene. Note both the emergence of the long tail and the shift in
oscillator strength from the lower-energy peak to the higher-energy peak
upon the incorporation of Cg
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6.3

7.1

7.2

7.3

7.4

7.5

7.6

7.7

8.1

[colour] Time-resolved nonlinear absorption response of OPE-based
samples in CH>Cl, and MPPBT in DMSO. The MPPBT response has been
scaled down by 50% for ease of comparison. a) Two-photon absorption is
seen on-peak (t=0 ps) for all samples, while longer time scales represent
excited-state absorption (ESA). Note that ESA is absent in the fullerene-
terminated OPE Cgp-quad-SOPE. b) (log-linear graph) Excited-state
absorption decays, showing that samples quad-SOPE and oct-50OPE have
strikingly similar relaxation dynamics.........coccoevviveniiecnieicnine e 117

Three general iso-polydiacetylene frameworks. Structures 3 are the
perphenylated iso-PDAs discussed herein.. ......eeeevvircveieeriiieececeeiesesieeee e 126

Perphenylated iso-polydiacetylene oligomers. The end-group Et;Si,
otherwise known as TES, is an electronically inert moiety inserted for
improved solubility. For this study, oligomers with n=1, 2, 3, 5,7, 9, 11, 13,
and 15 were investigated. The longest linear-conjugated path for each of the
oligomers is shown in bold, highlighting the fact that the maximum fixed-
length segment is not present in the monomer, iso-PDA-1............ccccccenrreiennnnenn. 126

[colour] Electronic absorption spectra (¢ in Lmol'em™) in CHCl; comparing
the effects of oligomer chain for #=2-15 i50-PDAS......ccceooveeeieniirieieireseeceaens 128

[colour] Emission spectra in CHCI; for full iso-PDA series, with excitation
at 380 nm. A¢m in nm for each oligomer is shown in parentheses. For clarity,
legend entries follow the peak signal in order. ........c.coveevciennniiicenncee e, 128

Correlation of relative molecular second hyperpolarizibilities (y/yrur) as a
function of oligomer length n. (a) Linear fit (n = 2-15). (b) power-law fit
of the form y = a + bn° (n = 2-15). (c) Two linear fits (n=2~7 and n = 9-
L) ettt er e ek et b bbbt b bbb eretnae e 131

Minimized structure of tridecameric iso-PDA using MM3* force field
parameters.[40] Only backbone carbons are displayed as space-filling
representation for clarity: (a) View from top; (b) View from side. ......c.cccceeeereeene 131

Plot of absorbance ratio A37s/4323 vs. chain length (#) in CHCl; (®) and
acetonitrile (M). As;3 denotes the absorbance intensity at 378 nm, and 43,3
denotes the absorbance intensity at 323 NM.....ccoceeveeiveeveerieeereee e 132

[colour] A schematic of supercontinuum generation. A collimated incident
beam (A) begins to self-focus (B) and eventually forms a self-guiding
filament (C). In this region, the intensity of light is immense, generating
both a collinear continuum and an angle-dependent conical component (D).
Modified frOm [15] oottt e ebe st e e 143
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8.2

8.3

8.4

8.5

8.6

8.7

8.8

A schematic of our continuum generation layout and its subsequent use in
pump-probe experiments/characterization. All optics optimized for 800 nm
unless otherwise specified; BS: beam splitter; A/2: half-wave plate; Py:
polarizers, P,: broadband Glan-laser polarizers; CH: optical chopper; L;:
=300 cm lens; L,: f=4.5 cm achromat doublet lens; Ls: £=7.5 cm achromat
doublet lens; L4: =10 cm achromat doublet lens; Ls: =500 cm lens; FC: 10
mm path-length water flow cell; S: sample position; X trans.: longitudinal
translation stage; X-Y trans.: bi-directional in-plane translation stage; Scn:
screen for diffuse spectral reflection; Spctr: Ocean Optics fiber-collected
spectrometer; PD: amplified silicon photodiode (Thorlabs PDASS)

Spectra of broadband continuum generated from 10 mm H,O and that of the

generating pulse. Spectra are normalized to an irradiance of 1......cccooceceerennnee.

The supercontinuum pulse as independent bandwidth-limited quasi-
monochromatic pulses, here selected by ultrafast Kerr-response cross-
correlation with an 800 nm pump pulse in a glass slide. The scaled full
continuum spectrum is presented for comparison

Continuum pulse chirp as mapped out by cross-correlating an 800 nm pump
pulse in a ~1 mm thick glass slide. Wavelengths are determined from the
spectra peaks given in Figure 8.4. The line is an extrapolation/interpolation
fit in Origin 6.0 and is of typical shape for SCG from water.[25]

800 nm pump continuum probe Kerr measurements in ~1 mm thick glass;
raw, corrected for phtodiode response, and quasi-monochromatic at 900 nm

probe. Inset: the spectral response of the Thorlabs PDASS Si photodiode. ........

Chirp-intensity correction of single-shot Kerr measurements in glass. The
Full continuum intensity as a function of delay time is mapped from the
white-light spectrum of Fig. 8.3 and the calibrated chirp of Fig. 8.5. This, in
turn, can be used to calibrate the single-shot broadband-probe Kerr response
in glass to the actual available light intensity, effectively yielding the probe-

frequency dependent Kerr response, where pump delay time correlates to
wavelength within the pulse

Non-degenerate transient absorption measurements of MPPBT at three
continuum-filtered probe wavelengths. (a) On-peak two-photon absorption
is measured while long decay tails represent excited state absorption of a
probe photon from a pump beam 800 nm TPA-access state. The transient
signals were shifted in time to give the same peak position for dynamics
comparisons. (b) Exponential decay of the excited-state absorption at a
probe wavelength of 700 nm, showing a best-fit of 22 +10 ps mono-
exponential decay past 1 ps probe delay time
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B.1 [colour] Position dependence of probe quarter-wave plate in the birefringent
(Kerr) and dichroic (NLA) DOKE polarization conditions. The Kerr signal
from MPPBT in DMSO is seen to be insensitive to the position of the
quarter wave-plate, and both position provide identical signals (the big
symmetric peaks). For the dichroic condition, however, a pre-sample
positioning of the quarter-wave plate yields a strong nonlinear absorption
signal from MPPBT in DMSO, while the post-sample positioning yields a
null signal that matches that of the pure DMSO solvent. The solvent
displays no NLA for any position of the quarter-wave plate, as expected. ............ 186

B.2 The four DOKE polarization conditions, as illustrated experimentally by
MPPBT in DMSO. The first and third DOKE conditions are the birefringent
polarization conditions, and show signals that are the negative of one
another. The second and fourth DOKE conditions are the dichroic

polarization conditions, and likewise show opposite responses of one
ANOLNET ..o ettt 187

C.1 Measurements of THF and a TIPS-10yne sample solution in the DOKE
birefringent condition. The THF reference sample displays a near-zero
response and is used as a null-response check of the proper pump
polarization. Scan resolution is limited somewhat by the temporal scan
progression and on-peak noise. Each of the traces represents an average of 3
raw scans. From the shown scans, a value of tanh(¢’*)= ¢’’=0.050+0.001
was tallied for the TIPS-10yne sample. ......coccooeeiirieeniiniiieennienieese e 191

C.2 [colour] DOKE birefringent condition measurements of TIPS-PYs and their
corresponding THF reference scans. THF scans were obtained ten minutes
apart and were dispersed among the scans of the various samples. The THF
scans were extremely repeatable, as is evident from their excellent overlap.
The polyyne kerr signals must be resolved beyond those of the reference
THF scans, limiting the ultimate resolution of the DOKE technique. To
obtain adequate dynamic range, sample concentrations and pump powers are
carefully selected. For these scans, a 1.0 mW pump beam was used. The two
different TIPS-10yne samples were used as a quick check on the
concentration dependence. A single A+B trance for a TIPS-10yne sample is
shown to show the sensitivity (or lack thereof) of this signal component to
resolve two-photon abSOrPLION. .....ce.cceeeieieeeeieireeeree ettt e 192

C.3 [colour] On-peak scans of THF and TIPS-10yne in the birefringent DOKE
polarization condition. Straight lines are a running average fit to the data.
The calculated standard deviation (spread) of the data is 0.001 mV, 0.001
mV, and 0.0002 mV for the TIPS-10yne A-B, the THF A-B, and the TIPS-
10yne A+B signals, respectively. Clearly the on-peak A-B response is much
more NOISY than A+B. ....cocoiiiie e e 192
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LIST OF ABBREV. AND SYMBOLS

ABBREVIATIONS AND ACRONYMS (in order of appearance)

Abbrev. abbreviation(s)

NLO nonlinear optics

SHG second harmonic generation

TPA two-photon absorption

1-D, 2-D, 3-D one-, two- or three-dimensional

PDT photo-dynamic therapy

GM Goppert-Mayers (equivalent to 10”° cm*-s'molecule™ -photon'l)
SOS sum-over-states

eV electron Volt

fs femtosecond (107" seconds)

ps picosecond (107% seconds)

Eqn. equation

Fig. figure

TPEB tetrakis(phenylethynyl)benzene

D-A donor and acceptor substituted species

D/A donor and/or acceptor substituted species
D2>A donor to acceptor

BLA/BOA  bond-length alternation / bond-order alternation
TPEF two-photon excitation fluorescence

OPEF one-photon excitation fluorescence

THG third-harmonic generation

DOKE differential optical Kerr effect

OHD-OKE optical heterodyne detection of the optical Kerr effect
THz terahertz (10'? Hz)

(B)PD (balanced) photo-diodes

THF tetrahydrofuran
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MPPBT 1,4-Bis(2,5-dimethoxy-4-{2-[4-(N-methyl)pyridin-1-iumyl]ethenyl} -
phenyl)butadiyne triflate

DMSO dimethyl sulfoxide

NLA nonlinear absorption

ESA excited-state absorption

AF50 N,N-diphenyl-7-[2-(4-pyridinyl)ethenyl]-9,9-di-n-decylfluorene-2-amine
AF60 N,N-diphenyl-7-[2-(4-pyridinyl)ethenyl]-9,9-di-ethylfluorene-2-amine
SPIE The International Society for Optical Engineering

PPE poly-phenyleneethynylene

PPV poly-phenylenevinylene

PA poly-acetylene

PY polyynes

PP polyphenylene

PTA polytriacetylene

PT polythiophene

TIPS, i-Pr;Si  tri(iso-propyDsilyl  -Si(CH(CHs),);

TES tri(ethyl)silyl -Si(CoHs)s

™S tri(methyl)silyl -Si(CHs)3

Me methyl (CH3)

+-Bu/Bu tert-butyl / butyl
(Z)INDO (zero) intermediate neglect of differential orbitals

HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
RPA random phase approximation

uv ultraviolet

vis visible

IR /NIR infrared / near-infrared

AIST Institute for Advanced Industrial Science and Technology
TEE tetra(ethynyl)ethene

TA transient absorption

sym. symmetry group

DFT density functional theory

OPE oligo(p-phenylene ethynylene)

quad quadrupolar

oct octupolar

PDA polydiacetylene
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ECL effective conjugation length

SCG supercontinuum generation

OPA /OPG optical parametric amplifier / optical parametric generator
a-BBO alpha-barium borate

KDP potassium dihydrogen phosphate

BK-7 a particular recipe of borosilicate crown glass

FWM four-wave mixing

SKS stimulater Kerr scattering

GVD group velocity dispersion

FWHM full width at half maximum

K imaginary component of the index of refraction

SYMBOLS (in order of appearance)

o absorption cross-section in units of cm’

a? two-photon absorption cross-section in units of cm*-s‘molecule™ -photon™
a absorption coefficient in units of cm™

¥ two-photon absorption coefficient in units of cn/W

%) angular frequency in radians

N, N, number density in molecules or particles per cm’

hand h Planck’s constant (1.055x107* J's and 6.626x107* J-s)

z longitudinal displacement co-ordinate

Y third-order molecular hyperpolarizability in esu

n, Mg, Mo index of refraction / » may denote the number of oligomer repeat units
c speed of light (3x10® m/s) / power-law exponent

Im(x) Imaginary component of x

Re(x) Real component of x

' Lorentz field factor

A change in

M permanent dipole moment of state i

M;; transition dipole between states i and j.

T i—]j transition linewidth.

E; Energy of state i

Vi wavefunction of state 1
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r radial co-ordinate

» much-greater-than

ys] second-order molecular hyperpolarizability in esu
D donor group

A acceptor group

-TT- conjugated route or path

§ thesis section or subsection

¢ optical phase change

X(3) third-order nonlinear susceptibility in units of m*/V?
A wavelength in nanometers

M2 5 M4 half-wave plate; quarter wave plate

R;S reference ; sample

Tand I intensity in W/cm?

x(s) fifth-order nonlinear susceptibility in units of m*/v?
Pand Py laser power in W

T pulse duration time/exponential relaxation time

R remainder: denotes any functional end-group (non hydrogen)
M moles/litre

Amax highest wavelength of absorption maxima

Fmax energy corresponding to Amax

€ molar absorptivity in L-mol™-cm’

m electron mass

> to (as in from A to B)

P density

S signal or response
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OUTLINE

The following thesis presents a summary of research conducted throughout the course of
my Ph.D. program in the Department of Physics at the University of Alberta. The content
of this thesis reflects the fact that my work was jointly supervised by Dr. Frank Hegmann
in the department of Physics and Dr. Rik. Tykwinski in the department of Chemistry, and
involved considerable collaborative work with Dr. Kenji Kamada (AIST, Japan), Dr.
Michael Haley (University of Oregon), Drs. Yuming Zhao and Jim Tour (Rice
University), and Dr. Ray DeCorby (TRlabs and Department of Electrical Engineering,
University of Alberta). Considerable research effort was put into establishing an ultrafast
pump-probe detection technique for the characterization of the two-photon absorption
and excited-state dynamics in conjugated organic materials. Subsequently, this technique
was used for the study of the optical nonlinearities in various oligomeric and
chromophoric systems. Although we have communicated most of our findings, there is a
considerable body of work that has yet to be published. Furthermore, there are many
important experimental details and findings that were omitted from our previous reports,
primarily due to a lack of space. The study of each class of molecule, such as cross-
conjugated iso-polydiacetylenes, fullerene-chromophore hybrids, polyynes, and
tetrakis(phenylethynyl)benzenes, is reported independently, each yielding unique
conclusions. On the other hand, these studies comprise a consistent and cohesive body of
work reporting on the third-order optical nonlinearities of highly-conjugated molecules.
To accommodate research thrusts that include both developmental and spectroscopic
aspects, this work is presented in a hybrid form that incorporates both traditional and
paper-based formats.

This thesis is structured in three parts: Part I is comprised of three chapters.
Chapter 1 provides a survey of two-photon absorption (TPA) in conjugated molecules,

and includes a brief description of the various experimental techniques used for its
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characterization. Chapter 2 describes the use of our differential optical Kerr effect
(DOKE) detection layout for the ultrafast time-resolved characterization of both the Kerr
nonlinearities and two-photon absorption in organic samples in solution. Chapter 3
illustrates the use of a traditional beam-depletion experiment for the measurement of TPA
in a reference sample. This experiment is presented as an independent test of the results
obtained by the DOKE technique. Thus, Part I looks to establish the use of DOKE as an
appropriate technique for the measurement of the real and imaginary components of
third-order optical nonlinearities of isotropic organic samples. Part II reports on the study
of four different classes of conjugated organic molecules. Each of the four chapters in
this part is prefaced with a “Context” section that describes the collaborative nature of the
study and mentions its publication history. Chapter 4 presents the study of the optical and
nonlinear optical properties of polyynes; a uniquely one-dimensional class of oligomers.
Chapter 5 presents the study of two-dimensionally-conjugated oligomers that differ by
their donor/acceptor substitution symmetry across a central benzene ring. These samples
were studied both with the DOKE technique and with tunable-wavelength z-scan
experiments. Chapter 6 presents the study of the optical and nonlinear optical
characteristics of multi-fullerene substituted conjugated oligomers. Chapter 7 reports on
the optical nonlinearities of extended cross-conjugated iso-polydiacetylene oligomers.
Our DOKE detection currently operates at a fixed wavelength of 800 nm. Some of the
studies presented in Part II motivate the need to measure optical nonlinearities at various
wavelengths across the visible and near-infrared. Part III describes the construction and
preliminary characterization of an 800 nm pump white-light probe technique used to
obtain non-degenerate TPA spectra of a TPA standard. Appendix A provides further
background on the link between two-photon absorption and the nonlinear index of
refraction. Appendix B discusses the importance of the sample-arm quarter-wave plate
position in the DOKE technique. Finally, Appendix C presents some raw DOKE scans
and discusses issues related to the signal resolution performance of the various DOKE

polarization conditions. Every Chapter and Appendix contains its own bibliography.
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CHAPTER 1: TWO-PHOTON ABSORPTION IN CONJUGATED SYSTEMS

CHAPTER 1:

INTRODUCTION TO TWO-PHOTON ABSORPTION IN
CONJUGATED ORGANIC SYSTEMS

1.1  Introduction

With the development of the laser as a source for intense and coherent light, new
light-matter interactions have risen to the forefront of the optical sciences in the form of a
new discipline—Photonics.[1] Light-intensity-dependent phenomena comprise the field
of Nonlinear Optics, which represents the cornerstone of Photonics research. Among the
first nonlinear processes to be discovered were the optical Kerr effect, the Pockels effect,
and second-harmonic generation (SHG).[2] Each of these phenomena has been utilized
to technological advantage. In fact, all three are integral components of modern laser
design and amplification.[3] In the last few decades, the myriad nonlinear optical
processes have been discovered and investigated, ranging from second- and third-
harmonic generation and stimulated Raman scattering, to self-focusing and optical
rectification.[2] The advancement of these processes towards technological development
has typically relied on maximizing the optical nonlinearity while minimizing light
absorption.

Two-photon absorption (TPA) is a third-order nonlinear process that is the
absorptive counterpart to the optical Kerr effect (see Appendix A).[2] As shown in Fig
1.1a, in a TPA process, two photons are simultaneously absorbed to promote an
excitation at the sum energy,[4] in seeming violation of well-established processes such
as the photoelectric effect. This process is intensity-dependent, and is only observable at
very large optical fields. Traditionally, TPA in systems of interest was studied with the
intention of learning how to minimize the effect; TPA was seen as parasitic in these

materials, lowering their merit in technological use.[4,5,6] It is only recently that
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CHAPTER 1: TWO-PHOTON ABSORPTION IN CONJUGATED SYSTEMS

absorptive nonlinearities such as two-photon absorption have been studied as the primary
process of interest for applications. In the past decade, compounds with large two-photon
absorption have been vigorously sought for a slew of technological applications in
various fields such as defense,[7,8] bio-photonics and medicine,[9-13]
nanotechnology,[14-17] and laser development.[18-20]

Using two-photon absorption is uniquely advantageous for various applications
due to the nature of the process. More specifically, TPA can occur at wavelengths far
removed from linear absorption so that the onset of absorption can occur only at high
light intensities. Applications such as optical limiting are based on this premise.[7,18,21]
Optical limiters are materials that are transparent to ambient light, but become opaque if
they are illuminated with intense light. Thus, materials for optical limiting are actively
sought for various defense applications that seek, for example, to protect fighter-pilot
vision during a ground-to-air laser attack.[22] Other optical limiting applications involve
passive protection of light sensors.[23]

Because TPA is light-intensity-dependent, it allows for excellent 3-D spatial
resolution in the vicinity of a focus. This is the feature that is most widely utilized in
TPA-based technologies. Examples of these are 3-D optical storage and micro-
fabrication, two-photon fluorescence microscopy, and photodynamic therapy. Micro-
fabrication with two-photon sensitizers has allowed for unprecedented three-dimensional
sub-micrometer resolution.[14,17] Furthermore, with two-photon absorbing fluorescent
dyes, one can now selectively excite a miniscule volume within biological tissue,
allowing for nanometer-scale microscopic imaging.[10,24] As in fabrication, data
storage, and fluorescent imaging, the application of TPA to photodynamic therapy (PDT)
promises great improvement in spatial resolution. In standard photodynamic therapy,[25]
a light-absorption-activated drug is injected to the vicinity of a tumor. The tumor cells are
then destroyed by illuminating the affected area through the creation of singlet-
oxygen.[25] The light used is typically at infrared wavelengths to which skin is somewhat
transparent. Two-photon photodynamic therapy acts much in the same way, only in this
case a two-photon infrared-absorbing drug is used.[9] Because the absorption—and
hence tissue damage—is better localized to the beam focus, two-photon PDT promises

significant minimization of unwanted near-by collateral absorption and tissue damage.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1: TWO-PHOTON ABSORPTION IN CONJUGATED SYSTEMS

1.2 A Survey of Two-Photon Absorption in Conjugated
Chromophores

Conjugated Chromophores for TPA applications: Although TPA was first observed
in doped ionic crystals,[26] and has since been studied in gas,[27-29] semiconductor,[30-
32] and glass systems,[6,34-36] the search for material classes with appropriate
characteristics for TPA applications has primarily focused on conjugated organic
chromophores.[4] Conjugated chromophores are attractive systems for TPA applications
for several crucial reasons: First, current laser technology (especially in communications
and medicine) uses wavelengths in the near-infrared, around 800-1500 nm. As their name
suggests, chromophores absorb light most strongly in the visible range of 300nm-800nm,
and are thus ideally suited for the required transparency at the fundamental wavelength of
interest, while having the strongest two-photon accessible levels at twice the fundamental
energy. Semiconductors, on the other hand, have large oscillator strengths that may lead
to large TPA cross-sections, but have (one-photon) band gaps that extend through the
wavelength range of fundamental excitation light, and are thus insufficiently transparent
for many TPA-based photonic applications. Second, organic synthesis techniques provide
a huge range of processibility and versatility, allowing for the engineering of unique
compounds for specific applications. This includes ample solubility for applications such
as laser dyes, deliverable drugs, spin-coated optical limiting films, etc. Third, although
saturated organic frameworks (such as alkanes) display miniscule optical nonlinearities,
bond-conjugation allows for large electronic delocalization and charge-transfer, leading
to large polarizabilities and hyperpolarizabilities.[37] A conjugated path is one of
alternating single and multiple (double, triple) bonds, and thus represents a chain of sp-
and/or sp>-hybridized carbons; each of which possesses m-orbitals that extend laterally to
the chain direction. Overlap of these n-orbitals provides extended molecular orbitals that
run parallel to the conjugated backbone, and through which considerable electronic

delocalization can take place: electrons are delocalized along this route, providing for
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CHAPTER 1: TWO-PHOTON ABSORPTION IN CONJUGATED SYSTEMS

considerably increased optical polarizabilities.[38,39]  Thus, conjugated organic

chromophores, as a materials class, are ideally suited for TPA applications.

TPA cross-section: As with all TPA-based technology, it is important to maximize the
two-photon absorption activity so that lower light intensities may be used. In an
analogous manner to that of linear absorption, wherein the molecular absorption

probability is given as a cross-section,
o(w)=—-, 1.1
(@) N

where « is the Beer’s-law coefficient of absorption (in cm™), and N is the molecular
species density (in cm™), so too is TPA activity most often described in terms of a cross-

section. The two-photon absorption cross-section, o2, is given by

ho
cPw)=—"aP(w), 1.2
(@) N (o)

where hw is the photon energy, and o/”(w) is the two-photon absorption coefficient (in

cm/W) that defines intensity-dependent beam depletion (along propagation direction, z)

according to

— =—al —a®I*. 1.3

Typically, 0 is reported in units of cm*-s-photon™-molecule™ or in Gppert-Mayers,
GM (1 GM=10"° ¢m*-s-photon™'-molecule). The value o is a third-order nonlinear

parameter, and is related to the second molecular hyperpolarizability (third-order

molecular polarizability), y, via
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2
o (0) = —3-?“‘;—21;‘ Im(y(- w;0,0,-0)), [40,41] 1.4

2g,¢°m,

as is further detailed in Appendix A. In the preceding relationship, y is given in esu units
as are the other parameters.[42] The value L is the local field factor that relates the
optical field to the microscopic dielectric environment in the vicinity of the individual
molecules. Inspection of Eqn. 1.4 shows that quantitative spectral details of TPA rely on

the intimate characteristics of the third-order nonlinear response of each molecular

system.

Theoretical Description of TPA: Theoretical studies of TPA in conjugated organic
chromophores have contributed a considerable body of knowledge.[41,43-48] Currently,
popular expressions for TPA in organic molecules are derived from sum-over-states
(S.0.S.) expressions for Im[],[44] and provide a means for estimating TPA cross-
sections based on such parameters as ground-state polarization and multipolar symmetry,
the tuning of photon energies to (virtual) molecular levels, and transition dipole moments.

A standard starting point for the description of TPA action in conjugated chromophores is

given by:[40]

I M;e (lue _/ug)z W I
(£, -E,-ho-ir, V(E,-E,~2h0-iT,,)
o . (o)L m - M,y IT
5 SpPc? e h (£, -E,-ho-iT, J(E, - E, +ho-iT,)
Mo M. III
" Z (£, -E, ~ho-iT, J(E, ~E,~2h0-iT, )|

1.5
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Figure 1.1: [colour] Schematic representations of molecular two-photon absorption. (a} Standard one-
photon absorption (blue; left), degenerate two-photon absorption (red, red; middle), and non-degenerate
(green, dark-red; right) two-photon absorption to the same energy level. In many organic systems, identical
fluorescence (yellow) is observed from one- and two-photon accessed states.[10,49] (b) A two-level model
is often sufficient for modeling TPA in dipolar systems. g is the ground state and e is the excited-state; E,
and E. are their energies and g, and g, are their static dipoles. M, is the transition dipole between these
states. 6 is the two-photon cross section for this transition, and A is the energy of the incident laser light.
(c) A minimum three-level model is needed for explaining TPA in symmetric systems lacking permanent
dipoles. The ground state in such chromophores is of gerade (4,) symmetry, as is the two-photon allowed
state. The two-photon-forbidden but one-photon-allowed state is of opposite, ungerade (B,), symmetry.

[(Ee-Ey)- hiew] is the detuning factor, and is inversely proportional to 6 in symmetric systems.
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This expression is a simplified version of the full Orr and Ward treatment for the second
molecular hyperpolarizability, y,[44] and assumes degenerate (see Fig. 1.1a) excitation
with light that is linearly polarized in the direction of maximal conjugation.[40] The
terms in Eqn. 1.5 (denoted I, II, and III) possess three basic parameters on which TPA
activity is based. The denominator in all three terms describes the tuning (or detuning) of
the photons’ energy to various molecular energy levels. %o is the photon energy, while
Eg, E, and E, are the energy the ground-, one-photon allowed, and two-photon allowed
levels, respectively. I" is the damping factor (linewidth) for the respective transition, and
is typically assumed to be 0.1 eV.[40,46,50-53] In reality, I values ranging around 0.25
eV have been experimentally determined,[54,55] leading others to use I' = 0.2 €V in
subsequent calculations.[S6] The numerators in Eqn. 1.5 describe the ground- and
excited-state polarizations, and consist of permanent and transition-dipoles. ug and . are
the permanent dipole moments of the ground-state and the excited-state, respectively. Mg,
and M, are the transition moments for the ground (g) level to one-photon allowed (e)
level transition, and for the one-photon (e) level to the two-photon allowed (e”) level,
respectively. Transition dipoles represent the transition of electronic density between two
states, and are defined as [40,56]

M o = (m| | ) =—e [y, (ryr, (r)dr 1.6

In practice, this integration is usually replaced by a summation over atom sites. Like
permanent dipole moments, transition dipoles are vector quantities and thus the relative
orientation between parameters must be taken into account. Eqn. 1.5 is designed to treat
excitations in conjugated systems, most of which have a well-defined (quasi 1-D) axis of
conjugation, and for which the transition- and permanent-dipole moments are aligned. In
systems of higher dimensionality, these moments may not be aligned, and treatment of
TPA in such systems may require slight modifications to Eqn 1.5.[57-59] For a practical
example, see the discussion of transition moments in tetrakis(phenylethynyl)benzenes
(TPEBs) in Chapter 5. A schematic representation of various two-photon transition

schemes annotated with the parameters from Eqn. 1.5 is presented in Fig. 1.1.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1: TWO-PHOTON ABSORPTION IN CONJUGATED SYSTEMS

Both one-photon and two-photon transitions follow parity selection rules. Thus, in
symmetric systems, linear absorption spectroscopy can only access dipole-operator
regulated transitions between states with odd parity, and direct two-photon absorption can
only occur between states with even parity.[4,53] In asymmetric systems, both one- and
two-photon transitions are permitted to the same states, and the TPA spectrum may
follow the one-photon absorption spectrum at twice the wavelength. These considerations
are also illustrated in Fig. 1.1. There is thus a significant difference between TPA in

dipolar molecules and symmetric systems with multipolar (quadrupolar, octupolar)

geometries.[48,53]

TPA in Dipolar Molecules: The TPA action of various push-pull dipolar molecules
have been investigated by many groups.[20,41,48,53,60-63] For most dipolar molecules,
term I in Eqn 1.5 has been shown to dominate the TPA spectrum:[41] Term II describes
only one-photon resonances, and thus does not contribute to TPA. It has also been shown
that dipolar molecules have miniscule M values, especially compared with M. and
He—tg, and thus the dipolar term II dominates over term IIl. Accordingly, a 2-state model
is typically used to describe two-photon absorption in asymmetric systems, as shown in
Fig. 1.1b. With these aforementioned considerations, the peak degenerate TPA cross-

section in dipolar molecules may be approximated from Eqn. 1.5 by

(2) ~ L4 M;e(/le _lug)Z
Sn’c’egh r

) 1.7

Oy tevel ©
ge

where it is assumed that, on-peak, (E.-E,) = 2hw, and (E,-Eg) » I'. Furthermore, because
of these constraints, this expression is only valid in the immediate vicinity of the TPA
peak, and does not describe the TPA spectrum. However, it has been shown that in some
cases, the one-photon spectrum may be used to predict the TPA spectrum in dipolar
molecules.[63]

Equation 1.7 may fail to properly describe two-photon absorption in some dipolar
molecules; particularly, those in which strong coupling to higher excited states is

present.[64] Those molecules for which a 2-state model is best suited have simple one-

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1: TWO-PHOTON ABSORPTION IN CONJUGATED SYSTEMS

photon absorption spectra that are dominated by a single lowest-energy peak.[41,63] In
molecules for which essential-state models are insufficient, such as bis(dioxaborine)-
substituted chromophores,[64] term III may provide sizable contributions, and
summations over several excited states may become necessary. In general, however, it
has been shown that for most dipolar molecules, the peak TPA value may be consistently
predicted based on a simple 2-state level, and the main peak in the TPA spectrum follows

that of the one-photon spectrum (at half wavelength).

TPA in Symmetric Molecules: Symmetric molecules that lack permanent dipole
moments have become the primary focus of recent nonlinear-absorption studies. In
particular,  molecules/systems  with  quadrupolar[40,48,50,53,56,61,65,66] and
octupolar[46,66-69] symmetries are attracting wide attention both theoretically and
experimentally. Unlike dipolar molecules, for which Term I (in Eqn. 1.5) provides the
dominant TPA contribution, multipolar systems lack static dipole moments, and TPA in
these systems is best described by Term III. TPA between the ground level (g) and final
level (¢’) in these molecules is mediated by at least one intermediate (e¢). Term III
describes TPA through the coupling between intermediate and final levels, through both
transition moment terms (M.e’) and the tuning of photon energy to that of the intermediate
level. The peak degenerate TPA cross-section in symmetric molecules may be

approximated from Eqn. 1.5 by

c® o r (Ee' —E, )2 MéeM"ze'
3-level & Sncle h [2(Ee _Eg)_ (Ee, _Egj]z T, >

1.8

where it is assumed that, on-peak, (E.-Eg) = 2Aw, and (Ee-Eg-hw) » Tge.[41] The latter,
as well as the functional form of Eqn. 1.8 means that this description is only valid in the
absence of double resonance;[41,54,59] i.e, the intermediate level does not lie at precisely
half of the energy of the TPA transition. In most organic chromophores, standard
symmetry alternation takes place, where the ground-state is of A, symmetry and the first
and second excited states are of B, and A, symmetries, respectively.[39,45,70] Unlike

dipolar molecules, in which the lowest excited state is both one- and two-photon active,

12
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CHAPTER 1: TWO-PHOTON ABSORPTION IN CONJUGATED SYSTEMS

in quadrupolar molecules two-photon absorption obeys even-parity selection rules, and
the lowest one-photon transition is two-photon forbidden,[50] as shown in Fig. 1.1c.
Thus, the peak of the TPA spectrum of quadrupolar molecules is typically blue-shifted
with respect to that of the one-photon absorption spectrum (at the total absorption
energy).[53]

In the case of octupolar molecules that possess a three-fold rotation axis (and
dendritic systems [71]), there is a sort-of mixing of the two symmetry cases:[67,69]
octupolar systems lack permanent dipole moments, thus restricting TPA to transitions of
the type described by Term II1. On the other hand, they also have relaxed selection rules
compared to quadrupolar molecules (which have inversion symmetry), and TPA
transitions can occur from the ground state to the lowest one-photon-allowed state.[66-
68] Another theoretical approach for describing TPA in octupolar systems considers the
structure as being composed of individual dipolar arms that may, or may not, interact via
the molecular centre.[46] This approach, known as the exciton model, [46,72] uses both
Term Il and an expression similar to Term I, but modified to account for tensor
component addition within Kleinmann symmetry rules.[37,42] In the case of octupolar
(and dendritic) frameworks, choice of the central moiety can lead to molecules in which
the dipolar arms are either linked by conjugation,[49,69,71] or are effectively
decoupled.[66,67] A strong advantage to using octupolar systems in the design of
materials with large TPA lies in a possible link between the second-order molecular
polarizability, 3 and o®—a third-order nonlinearity.[67] A linear trend between [ and
o® has been recently identified.[73] Thus, the large body of knowledge of second-order

response of octupolar molecules may provide directed guidance for the engineering of

molecules with large TPA.[74,75]

Structure-Property Relationships: Considerable research effort has been spent to
determine molecular design features that lead to increased TPA activity. This effort has
centered on influencing the various parameters of Eqns. 1.7 and 1.8. Maximizing TPA in
conjugated chromophores involves a delicate balance between the tuning of various
intermediate and final energy levels and the maximizing of permanent and/or transition

dipoles. Towards this end, a variety of molecular structure parameters have been studied
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by both experimental and theoretical means. Those that have been identified to impact
molecular two-photon absorption include molecular geometry and planarity,[40,57,64]
Donor/Acceptor substitution and strength,[50,57,65,69] polar/multipolar
geometry,[40,46,48,53,66] bond-length alternation,[40,48,76,77] and conjugation
scheme/length.[50,51,57,65]

Conjugation length strongly influences TPA.[50,51,57] It has consistently been
shown that on-peak o increases rapidly with increasing conjugation length.[50,65]
Similar to the case of the second-hyperpolarizability, y, where the optical nonlinearity
scales as a power-law as a function of conjugation length,[38,78] recent calculations
predict even steeper power-law increases in o with increasing conjugation length.[47]
The impact of increasing the conjugation length is twofold: First, as the length is
increased (in oligomers, for example), the optical gap decreases,[38] and thereby tunes
the photon energy towards the lowest one-photon allowed transition. This acts to reduce
the denominators in Eqn. 1.5.[45,57] Second, increasing conjugation enhances the charge
separation within the molecule, and leads to increases in both permanent- and transition-
dipoles. In fact, it has been experimentally shown that increased chain length especially
increases M..[65]

Early TPA studies identified the benefit of substituting m-donors (D) and/or m-
acceptors (A) across the conjugated molecule, where it was first shown that end-capping
a linear bis(methylstyryl)benzene parent molecule with donors leads to an 80-fold
increase in o®.[50] Subsequently, the effects of D/A strength have been widely
studied.[51,57,61,69] In both dipolar and symmetric molecules, functionalizing
chromophores with strong donors and/or acceptors increases the ground-state
polarization, and thus increases o?. In the case of dipolar molecules, a D-n-A
framework yields large dipole moments. Similarly, in symmetric systems, donor and
acceptor strengths correlate with the size of transition dipoles;[51] particularly impacting
the M., term.[65] Overall, it has been shown that TPA in D-n-D architecture is larger
than for A-n-A schemes.[51] This is probably due to the fact that a conjugated centre,
especially an aromatic one, acts as a weak electron acceptor;[65] creating a D-n-A-n-D
scheme.[50] For a discussion of the effects of donor/acceptor substitution pattern in

tetrakis(phenylethynyl)benzenes (TPEBs), see Chapter 5
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Planarity and dimensionality in the conjugated framework have also been shown
to directly influence TPA. Studies have found that deviations from planarity in the
conjugation network/centre adversely affect o.[40,57,62] Others, have predicted
conformational twisting to have little effect on the TPA activity of certain molecules.[64]
Regardless, the type of m-centre seems to be important in TPA.[51,65] Different
conjugation schemes can provide varying levels of polarizability,[38] and thus impact
both energy tuning and charge separation. In the past, stilbenoid[7,50,65,66] and
fluorene[60,79,80] chromophoric centers have shown considerable popularity.
Dimensionality impacts o/? by allowing for conjugation to extend in several directions at
once.[46,51] While early studies focused on quasi-one-dimensional structures, recent
studies have increasingly explored 2-D conjugation in the form of octupolar and dendritic
frameworks. Careful choice of the central linkage can allow for co-operative
enhancement between conjugated paths, leading to sizable increases in 0®.[49,69,71]
while deviations from both planarity and alignment of (transition)dipoles have been
shown to hinder TPA (vide supra), the benefit of increased dimensionality does not seem
straightforward. In fact, some studies have shown that when o® is scaled by the number
of arms or the number of multiple bonds, the per-unit cross section is smaller in octupolar
and dendritic structures than in sub-structures or the bare unit.[49,66] Thus, structure-
property relationships between dimensionality and TPA do not seem to be particularly
well defined at present.

Finally, numerous theoretical studies have investigated the relationship between
bond-length alternation and two-photon absorption.[40,41,48,76] Quantifiable bond-
length alternation (BLA) compares the differences in bond lengths along a conjugated
chain.[81] At one extreme lies the covalent, or bond-alternate limit, for which the literal
and fixed picture of an alternating single- and multiple-bond sequence is borne out by the
actual bond lengths. That is, there is reduced electronic delocalization along the
conjugated path, and the electrons of each multiple-bond are dedicated to that location,
leading to maximum possible bond-length alternation. At the other extreme lies the
cyanine, or bond-equivalent, limit for which near-complete delocalization is present. In
this case, each bond along the conjugated path is effectively identical, leading to BLA
near zero.[41,81] There is a considerable history to the study of BLA as a defining
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parameter for nonlinear optical activity in conjugated systems.[82-85] These studies
show that second-order and third-order nonlinearities exhibit disparate dependences on
BLA. One might assume that ¢/ and y should show similar trends, since they are both
x?-based nonlinearities. Indeed, it has been shown that for dipolar structures, o' shows
a very similar BLA dependence to that of y;[48,76] peaking for a finite BLA.[87]
Quadrupolar molecules, on the other hand, are expected to exhibit peak TPA at a BLA of
zero.[48] The correlation between BLA and TPA response may be well defined, but
structure-property relationships for BLA itself are not well established![40] To engineer
molecules with a BLA that maximizes TPA, one must increase the ground-state
polarization in such a way as to both maximize charge transfer and minimize energy
detuning. Minor changes in the detailed chemical structure and environment vary these

parameters so strongly that a straightforward way to tune BLA to maximize TPA has not

yet been identified.

So much research has focused on the ground-state polarization that a natural
question arises: What symmetry class yields the largest TPA cross-sections; dipolar,
quadrupolar, or octupolar? As with most structure-property relationship in this area of
research, there may not be a straightforward answer. Several studies have specifically
looked to directly compare two of these classes.[46,48,51,53,66] All studies that have
looked to compare dipolar and quadrupolar geometries claim that quadrupolar is highly
favorable over dipolar geometry.[48,51,53] Furthermore, comparisons of octupolar and
dipolar geometry give the advantage to octupolar symmetry.[46] Finally, comparisons of

octupolar and quadrupolar geometries come out in favor of the latter.[66]

Problems with comparing various geometries extend beyond their peak o
values. As previously discussed, the description of TPA in dipolar, quadrupolar, and
octupolar molecules employ different selection rules and thus different numerical
expressions. While dipolar molecules are well described by Eqn 1.7, quadrupolar and
octupolar molecules are oft described by Eqn 1.8. This makes comparisons of their peak
TPA problematic. Furthermore, having different selection rules means that the TPA

spectra are shifted differently for the various geometries. Since octupolar and dipolar
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molecules can support TPA transitions to the lowest excited state, their spectrum can
follow that of the one-photon spectrum (at the same total energy). On the other hand,
because the lowest excited state is expected to be one-photon-allowed and two-photon-
forbidden in quadrupolar molecules, their TPA spectra are blue-shifted with respect to the
one-photon spectrum. Thus, quadrupolar and dipolar/octupolar molecules may simply
find uses in different TPA applications.[66] Eventually, processibility will become a
major concern that may impact the usefulness of one geometry over another. Thus far, the
largest experimental cross-sections found in quadrupolar and octupolar molecules are the
same within an order of magnitude, giving neither geometry a well-defined advantage.
And although dendritic molecules have been found to have TPA cross-sections as large
as 11,000GM,[49] their per/unit response does not show them to be particularly superior
to their quadrupolar sub-units. Currently, the best TPA cross-sections of single (non-
dendritic) molecules measured with femtosecond pulses lie in the order of 2,000-
5,000GM.[53,54] Figure 1.2 displays three representative high-c® molecules.

Despite numerous studies of two-photon absorption structure-property
relationships, no one paramount design feature has been identified, and thus, this area of
research is still very active. There are, however, some general trends and guidelines for
maximizing TPA in conjugated chromophores. The most immediate way to increase
TPA is by extending the overall conjugation path. This will also have the added benefit of
moving the TPA spectrum deeper into the near-IR—a desirable feature for practical
applications. The superlinear increase of TPA with conjugation (vide supra) would be
expected to saturate as the effective conjugation length is approached. Thus, careful
choice of conjugation scheme must be made in an attempt to find schemes that have
sufficient planarity and longer effective conjugation lengths. Quadrupolar geometries
appear to be as favorable as dipolar arrangements.(See conclusions arising from TPA in
TPEBs; Chapter 5) Furthermore, end-capping with strong donor groups yields larger TPA
activity than bis(acceptor) or donor-acceptor substitution. To effect an even better D-nt-A-
n-D scheme, substitution of acceptor groups as near as possible to the conjugated centre

may be beneficial.[40] Keeping the acceptors close to the molecular axis will maintain

better alignment between transition dipoles.
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Strehmel-3 Strehmel-4

S0,CaH7

CgHy 0,8

¢2=4100 GM ; A =816 nm o2 = 3000 GM ; A = 816 nm

ol =2420 + 460 GM ; A =571 nm

Figure 1.2: Representative high two-photon absorbing compounds. High ¢®-values were obtained for
Distyrylbenzene-based Strehmel-3 and Strehmel-4 using femtosecond two-photon excitation fluorescence

spectroscopy.[53] High o”-values were obtained for diacetylene-based MPPBT using femtosecond z-
scan.[54]

1.3 Measurement of Two-Photon Absorption

The measurement of two-photon absorption is straightforward, and a large
number of experimental techniques have been employed for this purpose.[2,4] Each
technique has its advantages and disadvantages; whereas some are easy to implement,
they may only provide limited information. Others are complex or difficult to analyze,
but provide unique information. Currently, though many techniques are in use, four
approaches dominate the field: single-beam nonlinear-transmission, two-photon

excitation fluorescence spectroscopy, z-scan, and pump-probe transient-absorption based

techniques.
The simplest experiment—and one that is still in use for optical limiting
measurements—is nonlinear transmission.[2] By passing an intense (focused) laser beam

into a sample, one can plot the transmitted power against the incident power. Deviations
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from linearity indicate nonlinear absorption. The shape of the curve holds precise
information regarding the various nonlinear absorption processes including two-photon
and higher-order absorption, saturable absorption, and reverse saturable absorption.
When using an ultrashort (fs) pulsed beam, the dominant absorption mechanism is two-
photon absorption. Chapter 3 presents results and further background on such single-
beam depletion measurements. Other more sophisticated techniques allow for better
signal to noise extraction, and may each provide unique information not accessible by the
others.

Two-photon excitation fluorescence (TPEF) is a widespread technique that
utilizes the fact that many conjugated chromophores display identical fluorescence
spectra when excited by one photon or by two-photons at similar sum energies.[88] The
two-photon-excitation fluorescence quantum efficiency is typically the same as that for
one-photon excitation, and thus normalizing TPEF signals to the one-photon excitation
fluorescence (OPEF) spectrum of a standard allows for the calibration of both the
quantum efficiency and collection efficiencies.[89] Benefits of TPEF are ease of
measurement and signal analysis. One drawback of TPEF is its dependence on quantum
efficiency; many materials of interest are non-emissive, or only weakly emissive. Thus,
signal resolution is relatively poor in such samples, and uncertainties are large when
compared with some other techniques. Furthermore, fluorescence measurements are
typically limited to samples in solution, and thus make difficult the characterization of the
TPA response in samples such as thin films or single crystals. Overall, however, TPEF is
a highly attractive means of measuring c® and is therefore quite popular.

A more recent technique that is ideally suited to the measurement of ¢ is the
(open aperture) z-scan technique.[90,91] As with the previous two techniques, z-scan is a

single-beam measurement that provides degenerate cross-sections. In a typical open
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aperture z-scan measurement, a collimated beam is focused into a sample that can be
scanned in position through the focus. The total output light is then collected and sent to a
photodiode. This technique directly utilizes the intensity dependence of the TPA process.
As the sample is scanned through the focus, it experiences a varying intensity such that it
absorbs most at the focus, and to a diminishing degree away from the focus. One can then
fit the resulting position-dependent attenuation profile to obtain an absolute measurement
of 6"¥(w). Since the fitting depends strongly on the exact laser intensity and temporal
profile, complete knowledge of the laser beam and pulse parameters are essential. Even
though z-scan obtains absolute TPA cross-sections, signals are typically calibrated
against that of a known sample.[91] z-scan has access to the entire TPA spectrum, which
may not be the case for TPEF;[92] especially in cases where the lowest excited-state is
one-photon forbidden and thus relaxes non-radiatively.[70,93] Of major concern in z-
scan are accumulated thermal effects[94] and contributions from excited state absorption,
especially in non-ultrafast, high repetition-rate experiments. These effects, however, are
often removed by working away from one-photon resonances, lowering the repetition
rate, and using femtosecond (fs) pulses.[4]

All three of the aforementioned techniques are single-beam measurements. Over
the years, numerous two- and multiple-beam experiments have been used for nonlinear
optical characterization. These include optical Kerr gates and ellipsometers, coherent
coupling, as well as four-wave mixing layouts.[2,37,95] Such techniques are intrinsically
suitable for the measurement of the real (birefringent) part of the optical nonlinearities,[4]
but many can be utilized for transient absorption type experiments.[96] A two-beam
experiment may be more complicated than the aforementioned single-beam techniques,
but it has several crucial and unique benefits: Typical ultrafast pump-probe techniques

employ a dual-beam arrangement in which a weak pulsed beam is time-delayed with
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respect to a coherent strong pulsed beam. The weak probe beam can then be scanned to
measure the temporal-evolution of perturbations made in the sample by the intense pump
beam. In applying these experiments to the measurement of nonlinear absorption, the
polarizations of the pump and probe beams are set at conditions for which only a dichroic
response is measured. In a pump-probe transient absorption experiment, two-photon
absorption is detected by the simultaneous absorption of a photon from each of the pump
and probe beams. By varying the arrival time of the probe pulses, one can obtain the
ultrafast time-evolution of the nonlinear absorption response. Furthermore, the two-beam
arrangement allows for the possibility of a 2-colour experiment that can provide the non-
degenerate TPA response.[97,98]  Traditionally, z-scan, nonlinear transmission
measurements, and TPEF have utilized nanosecond or picosecond pulses, and thus must
either ignore or account for the possibility of non-instantaneous excited-state absorption
(ESA) artifacts.[4] These concerns are far from trivial, and improper accounting for ESA
has led to the reporting of nanosecond-pulse-measured o' values that are three orders of
magnitude higher than those reported with femtosecond pulses![61] With pump-probe
measurements, in addition to measuring the instantaneous two-photon absorption, the
longer-lasting ESA may be directly measured and characterized (See §2.3).[99]
Drawbacks to using pump-probe measurements for the characterization of TPA are the
more complex experimental layout, and the relative difficulties is obtaining absolute o™
values. To account for this, signals are typically referenced to that of a standard sample.
The following chapters detail our use of an in-house-designed optical Kerr gate for the

measurement of ultrafast time-resolved nonlinear absorption processes in organic

samples.
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CHAPTER 2:
DIFFERENTIAL OPTICAL KERR EFFECT (DOKE)

FOR THE CHARACTERIZATION OF NONLINEAR
ABSORPTION DYNAMICS

2.1 Introduction

As outlined in the previous chapter, the characterization of both the real and
imaginary contributions to a material’s complex third-order optical nonlinearities is
advantageous. The real component of the third-order susceptibility gives rise to induced
birefringence, and thus can be used for light-modulation. The ultimate goal of such
applications is all optical switching, which will require highly nonlinear materials with
ultrafast responses on a femtosecond time scale.[1] Applications that require high Re(x)
typically demand near-complete transparency and thus also require the condition of
negligible Im(x®). This is the primary reason that the study of the complete 1 response
of a sample has been important in the past. In recent years, however, attenuative
nonlinearities such as two-photon absorption have leaped to the forefront of photonics
research as the primary mechanisms for a variety of technological applications, as
discussed in the previous chapter. Thus, the ability to study both the real and imaginary
components of the third-order nonlinearities in a sample is an advantage to any
experimental technique. Many popular techniques, such as third-harmonic generation
(THG) and two-photon excitation fluorescence (TPEF), only access either the real or
imaginary component of the optical nonlinearity.[2] Other popular techniques, such as z-
scan,[3] which do obtain both components, provide very little information about the
temporal dynamics of the optical nonlinearity. Pump-probe experiments, such as the
various optical Kerr gate schemes, on the other hand, can be used to study the ultrafast

time-resolved response of both the real and imaginary components of x(3 ).[4-7]

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2: DOKE CHARACTERIZATION OF NONLINEAR ABSORPTION
DYNAMICS

2.2 Differential Optical Kerr Effect Detection

The Optical Kerr Gate: In essence, the optical Kerr effect (OKE) describes an optically-
induced birefringence. Specifically, polarized light interacts with a medium to modify the
index of refraction parallel and perpendicular to the axis of polarization. In a standard
homodyne Kerr gate,[4,8-11] an intense, linearly polarized pump pulse induces a
birefringence in an isotropic medium. The anisotropy in the index of refraction, An =
Any - Any, induced by the pump pulse can be sampled by a weaker probe pulse that is
linearly polarized, for maximum effect, at 45° to the pump polarization. The induced
birefringence, An, results in a complex phase-retardation in the probe beam that is given

by ¢ =¢'+i¢'". The real component of this phase delay, ¢, represent the Optical Kerr

effect, while the imaginary component, ¢’, manifests as nonlinear absorption (two-
photon absorption, for example). In this technique, the absence of Kerr rotation in the
sample leads to a null signal on a photodiode placed after the analyzer. On the other hand,
rotated probe polarization components will pass through the Kerr gate and provide a
photodiode signal. Furthermore, the arrival time of the probe beam may be varied with
respect to that of pump pulse, yielding a temporal profile of the induced birefringence.
When the pump pulse arrives well before the probe pulse, there is no induced
birefringence and no probe light passes through crossed polarizers. Since this detection
scheme operates with crossed polarizers, the detected signal is proportional to the square
of the pump intensity.[12] As a drawback, a homodyne Kerr gate is unable to separate
the real and imaginary components of . Furthermore, working about a zero light
background means that any unwanted scatter or leakage through the analyzer may be of
the same order as the Kerr signal.

In an attempt to separate the real and imaginary components of x® and to obtain
signals that are much larger than the ambient scatter noise, another detection scheme—
optical heterodyne detection (OHD-OKE)—is used by the vast majority of optical Kerr
effect researchers.[12-15] In this elegant technique, a quarter-wave plate is placed
between the probe polarizer and sample such that the long axis of the quarter-wave plate
is parallel to the polarizer. By slightly rotating the polarizer, n/2 out-of-phase light may

be added to the probe beam, and the real part of the nonlinear response may be extracted
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from the Kerr signal. As an added advantage, the OHD-OKE signal is linear in pump
intensity.[12]

We have developed a modified detection scheme that in addition to maintaining
the aforementioned attributes of OHD-OKE has simplicity of both analysis and detection
as well as robustness of signal as attractive advantages. Furthermore, it provides a larger
dynamic range of signal linearity.[5] Our differential optical Kerr effect (DOKE)
detection utilizes both the quarter-wave plate and analyzer differently than OHD-OKE.
Furthermore, analysis of the complete probe beam with the use of differential detectors
establishes DOKE detection as a unique Kerr gate arrangement. DOKE detection is,
however, similar to various optical biasing schemes routinely used in free-space electro-

optic sampling of THz pulses.[16,17]

Differential Optical Kerr Effect (DOKE): Our Kerr gate, illustrated in Fig. 2.1, is laid
out as follows: A multi-pass Ti:sapphire laser amplifier outputs 800 nm, 100 fs, 650 uJ
pulses at a repetition rate of 1080 Hz. The beam is split into pump and probe beams, with
the beamsplitter providing a 10:1 pump:probe energy ratio. The probe pulse is time-
delayed with respect to the pump pulse by a computer controlled retro-reflector delay
stage along the probe arm, with 0.7 fs step resolution. The pump pulse is chopped by a
50% duty cycle chopper (CH) at % of the repetition rate (270Hz). Using a half-wave
plate, the pump pulse is polarized 45° to the horizontal and is focused onto a 1 mm path-
length quartz cuvette that is filled with a sample solution (S). Attenuation control is
present for both beams. At the sample, we typically use 0.043 pJ and 0.5-2 pJ pulses for
the probe and pump beams, respectively. The weaker probe beam is polarized vertically
and then passes through a quarter-wave plate (A/4) to produce circularly-polarized probe
light. The probe light is focused to overlap in the sample with the near-collinear pump
beam (6<5°). The probe beam is focused more tightly than the pump beam to ensure
uniform pump intensity over the probe beam area. Typical spot diameters (and incident
powers) at the sample are ~250 pm (approx. 0.8 GW/cm2) and ~490 um (approx. 2.5-10
GW/cm?) for the probe and pump beams, respectively. The pump beam is blocked after
the sample, while the probe light is allowed to travel to a Wollaston polarizer acting as

the analyzer. Here, the two polarization-separated transmitted beams are directed to
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Figure 2.1: A schematic of our DOKE experimental layout: PDs A & B: Balanced photodiodes; PD C:
reference photodiode; BS: 10:1 beam splitter; A/4: quarter-wave plate; A/2: half-wave plate; P: Glan-laser

polarizer; A: Wollaston polarizer acting as an analyzer; L: lens (f = 40 cm); CH: chopper operating at 270
Hz; PC: computer; S: 1-mm path length quartz cuvette sample holder.

balanced photodiodes (BPD). Photodiode 4 receives the horizontally polarized beam,
and photodiode B receives the vertically polarized beam. The sum and difference (4+B
and A-B, respectively) of these signals are sent to separate lock-in amplifiers. The A4-B
signal is detected at the chopped pump frequency, and A+B is detected at the laser
repetition rate frequency. Finally, these signals are sent to a data acquisition board en-
route to a personal computer (PC) used for analysis and delay-stage control.

As outlined previously,[5] the key features of the DOKE setup are that 4-B detection
acts as our Kerr effect signal, while in the absence of nonlinear absorption, A+B acts as a
probe beam reference. In the presence of nonlinear absorption, 4+B acts as a direct and
independent detection of such processes. The photodiodes are calibrated so that in the
absence of any birefringence, A and B signals are equal and 4-B gives a zero background
signal.[18] The real and imaginary components of the sample nonlinearity are obtained

with the sequential implementation of two polarization conditions:[5] By setting the
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pump polarization either vertical or horizontal (that is, orthogonal to the pre-A/4 probe
polarization) the dichroic response may be directly obtained. In this case, (known as the
“dichroic DOKE polarization condition”) the ratio of 4-B to A+B provides us with the
imaginary nonlinear phase-shift, ¢’’, which is directly proportional to both the third-order

susceptibility, Im(x“ )), and the two-photon cross section o? :[2,5]

A_thanh¢", 2.1
A+ B
34 NI
"e =" T Im|y® =PI | 2.2
¢ 2806'/1]’13 pump I:Z ] ha) pump

where [ is the cuvette path length, & is the permittivity of free space, ny is the linear index
of refraction, c is the speed of light, A is the probe wavelength, /., is the pump intensity,
N. is the sample number-concentration, @ is the probe frequency, and @ is the two-

photon cross-section. Typically, ¢’” is kept below 0.08 (8 % modulation) and tanh¢’’=¢"’.

Subsequently, by setting the pump polarization at 45° to the vertical, the induced
birefringence (Kerr) signal is obtained, and the real component of the nonlinearity may be
extracted. In this case (referred to as the birefringent DOKE polarization condition), the
ratio of 4-B to A+B provides us with a convolution of the real (¢’) and imaginary (¢’’)

nonlinear phase shift:[5]

A-B  sing' 23

A+B coshg"’ .
34

'=—=— ] Rely?]|, 2.4

¢ 2e,cAng T [Z ]

And for a dilute sample (solute) in a solvent matrix, the rotationally-averaged molecular

second-hyperpolarizability, <y>, is directly related to the third-order susceptibility by [5]
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3) _ g4 (3) :
Z - L (Nc(.m[u!e) < ysalute >)+ Zsalvem El 25

where [ = (n02+2)/3 is the Lorentz field factor, which accounts for dielectric
modifications to the optical field in microscopic environments.[19]

Thus, by iteration of the birefringent and dichroic polarization conditions, we can
separate the real and imaginary nonlinear components. Unlike some other Kerr-gate
arrangements, DOKE signals are linear with pump beam intensity, and remain so for a
large dynamic range, allowing for simplified analysis. Nonetheless, we typically keep ¢’
to less than 0.15 radians.

As demonstrated above, absolute ¢” and y values may be obtained with DOKE
detection. To effect this, detailed knowledge of laser pulse and focusing parameters are
needed. These include the temporal beam profile and the spatial beam parameters at the
sample location. In practice, the use of a calibrated reference sample allows relative yand
o values to be obtained, and significantly simplifies the signal analysis.[19] In general,

where subscripts R and S denote reference and sample, respectively, Z(B)S may be

calculated from

2
@) ©\Bs L | Tos.
Rl ) el e 2|

In the case where the sample is dilute enough to leave the index of refraction unchanged

and the path length is the same for the reference and sample,

Re(zg):Re(lg)Z_%. 27

R

The relative second hyperpolarizability is obtained from this and Eqn 2.5, and is given by
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We typically study samples as solutions in tetrahydrofuran (THF). Subsequently, THF is
used as a reference for all »values studied here, with (y,) =y, =5.2x107 esu .[18]
Calculating TPA coefticients is somewhat more complicated. The solvent does not
generally display any nonlinear absorption, and thus, an external reference must be used.
Unfortunately, there is no common or well-established standard for pump-probe TPA
measurements; a different standard/reference is used by each group. Once a reference

sample is characterized, however, one may easily calibrate TPA signals to this standard

according to

af) = g‘?a}?) 2.9
R
and
o =05 NVew (o) 2.10

. R
P Neg

THF displays no two-photon absorption at 800 nm, and it is thus only used as a null
control for the dichroic polarization condition. Instead, we use a 3.0 mM sample of
MPPBT in dimethyl sulfoxide (DMSO) as a nonlinear absorption reference. MPPBT
shows strong TPA across the entire vis-nearIR range, and displays great optical and
environmental stability. Furthermore, it has been well-characterized by z-scan
measurements and is thus a good choice for a reference material.[21] For 800 nm DOKE

measurements we use o' mpper=390 GM.[21] The chemical structure of MPPBT is

shown in Fig 1.2.
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2.3 Proof of Principle and Characterization of the DOKE Technique

We have previously demonstrated our abilities to obtain absolute y values with DOKE
that compare well with those reported in the literature.[5,20] In that work, we also
outlined the possibility of using DOKE for the quantitative study of nonlinear absorption
(NLA) processes. Here, we present the realization of that potential, and detail the use of
DOKE detection to the characterization of two-photon absorption and excited-state
absorption dynamics. Raw, time-resolved DOKE scans in both polarization conditions

are presented in Appendix C.

Two-Photon Absorption and Excited-State Absorption as Detected by DOKE:
Because DOKE detection monitors the probe beam at the pump modulation frequency, it
is only sensitive to pump-induced changes in the probe. Subsequently, there are typically
two different types of NLA processes measured by DOKE, as shown in Fig. 2.2: Two-
photon absorption is an instantaneous process and is detected when one photon from each
of the pump and probe beams is simultaneously absorbed. This signal manifests itself as a
cross-correlation of the two pulses, centred at zero probe delay time. Furthermore, as the
pump beam is strong enough to induce TPA transitions in the absence of the probe beam,
subsequent long-lasting probe absorption signals are detected due to two-photon accessed
excited-state absorption (ESA).[22] ESA is an important process, the detection of which
makes the DOKE technique very useful for the characterization of ultrafast nonlinear
absorption dynamics. Figure 2.3 displays long DOKE scans in the dichroic polarization
condition for a 3.0 mM sample of MPPBT in DMSQO that displays considerable excited-
state absorption. MPPBT displays an ESA exponential decay rate of approximately 30+2
ps, and although the ESA signal is essentially gone by 120 ps, the weight of the ESA
signal is large with respect to that of the pure TPA. Other techniques such as z-scan or

single-beam attenuation, that measure nonlinear absorption with nanosecond or
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picosecond pulses would, therefore, considerably overestimate o® from TPA. Thus,
studies conducted with ns pulses have often found cross-sections that are up to four
orders of magnitude higher than those measured with ultrafast (fs) pulses.[21,23] ESA is
not solely a parasitic signal. The nonlinear absorption dynamics may contain information
about the dynamics of both the populating and de-populating of the state from which
ESA occurs, and thus can provide important information regarding the energetics of the
excited state in TPA molecules. The most direct way to confirm that the TPA and ESA
responses illustrated in Fig. 2.3 are correctly attributed to the phenomena described in
Fig. 2.2 is with power-dependence studies. Inspection of the TPA process shown in Fig.
2.2 shows that the response should scale linearly with both pump and probe powers.
Furthermore, the two-photon-accessed excited-state absorption signal should scale with
the pump power as Izpump. These relationships are shown in Figs. 2.4 and 2.5. Figure 2.4
shows that MPPBT presents a strictly linear relationship with pump power on the TPA
peak; maintaining linearity throughout the range of pump powers we typically use in
DOKE experiments. Figure 2.5 shows that MPPBT displays a square-dependence of the
pump power at a probe delay time of 5 ps. This square dependence is maintained
throughout the typical pump powers used in DOKE experiments, but shows behaviour
that deviates towards a lower power-dependence at higher pump powers. As mentioned,
ESA dynamics in MPPBT show bi-exponential decay; with a fast component of ~2.7 ps
(see Fig. 2.3). Thus, it is possible that at higher excitation powers, signal from this
response is mixing with that of the longer decay time to give deviations from a strictly-

quadratic dependence.
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Figure 2.2: Two-photon absorption (TPA) and excited-state absorption (ESA) processes to which DOKE
detection is sensitive. DOKE monitors pump-induced absorption in the probe beam, and is thus only

sensitive to changes in the probe beam. TPA is measured as an instantaneous response, and ESA is
measured at longer probe delay times.
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Figure 2.3: Nonlinear absorption dynamics in an MPPBT sample. (a) At a probe delay time of 0 ps, an
instantaneous TPA signal is seen that follows the cross correlation of the pump and probe pulses. (b) At
later times, considerable excited-state absorption is seen, displaying a bi-exponential decay with a
prominent and well-resolved 30 ps decay time (inset). A similar decay rate of 40 ps is confirmed by time-

resolved fluorescence measurements.[24] Solid line in inset is a bi-exponential fit, with the obtained
parameters reported on the plot.
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Figure 2.4: On-peak (probe delay time of 0 ps) nonlinear absorption DOKE response in MPPBT. A linear
dependence with pump power is an indication of a pure two-photon absorption process. The typical pump
powers used for DOKE experiments are well within this linear range, as shown. Dashed line is a line of
best fit to a power-law function.

b * i i R

X Typical Pump BV 2 L

001 | Powers 5 f.“,d" 1

= X ]
‘E ! |
(431 1E-3 - “
- .é‘./K e Exponent= 115

1E-4 L . -~ Exponent=1.99

E i i £ E

0.1 0.5 1 5
Pump power (mW)

Figure 2.5: Pump-dependent nonlinear absorption DOKE response from MPPBT at a probe delay
time of 5 ps. A square dependence with pump power is indication of a pure two-photon accessed
single-excited-state absorption. The typical pump powers used for DOKE experiments are well
within this range, as shown. Dashed lines are fits to a power-law function. They have been drawn to
extend past their fitting ranges for improved visibility.
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AF60: R=C,Hs
AF50: R:CmHz;

Figure 2.6: Chemical structure of TPA reference samples AF60 and AF50. The two species differ by the
length of the pendant alkyl side chains off the fluorene center.

Obtaining Absolute ¢ Values as Proof of Principle: We have obtained/synthesized
two samples for which the nonlinear absorption characteristics at 800 nm have been
reported by other groups. We have subsequently characterized their nonlinearities with
the DOKE layout for comparison and their future use as reference samples. The TPA
spectrum of MPPBT has been extensively studied by Kamada et a/. with the ultrafast z-
scan technique,[21] and we currently use this sample as a TPA standard for all
experiments.[25,26] We synthesized AF60 for the sole purpose of obtaining a secondary
calibration of our DOKE analysis. The two-photon absorption response at 800 nm of the
AF-X series of molecules has been widely reported by Prasad et al., whom typically use
AF50 as a TPA standard.[23,27,28] As shown in Fig. 2.6, AF50 and AF60 have virtually
the same structure, and have been shown to have o'” values that differ by less than 20%
when measured by ns pulses,[27] and would be expected to have even closer cross-
sections when measured by fs pulses where contribution from excited state absorption
can be eliminated. Figure 2.7 presents the raw DOKE signals from AF60, MPPBT, and
their respective solvents of THF and DMSO. From these scans it is evident that THF and
DMSO lack measurable resonant TPA at 800nm, while their traces, shown in the figure
inset, follow the typical dispersive lineshape of coherent coupling.[29] On the other hand,
MPPBT and AF60 both display sizable nonlinear absorption, and provide both two-
photon absorption and excited-state absorption signals. The TPA cross-section may be
obtained from the peak values in Fig 2.7 together with Eqns. 2.1 and 2.2. We find
absolute values of 0”=390+60 GM for MPPBT and o”’=60+10 GM for AF60. Our
DOKE derived MPPBT value is in excellent agreement with the literature value of o™ =
380+40 GM for MPPBT in DMSO [1.6 mM] measured with the z-scan method (126 fs,
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802 nm, 1kHz pulses).[21] The DOKE-derived AF60 results are also in excellent
agreement with o = 63+£11 GM, as measured by z-scan under the same conditions.[30]
Furthermore, comparisons can be made between the DOKE-derived TPA cross-section of
AF60 and that of AF50 as studied by Kim ef al.[23] AF60 differs from AFS0 only in
length of alkyl side chains (Fig. 2.6). The reported value of AF50 in benzene (o=
30x10”° GM) measured with femtosecond pulses by the same group is the same order of
our value for AF60 in THF.[23] Furthermore, in subsequent studies, AF50 exhibited
very similar time-resolved beam attenuation behaviour in their ultrafast transient
absorption measurements as are present in our A+B signals featured in Fig. 2.8.[28]
Figure 2.8 shows the separate A+B and A-B signals from AF60: In many ways, 4+B
measured at the probe repetition rate represents a standard transient absorption
measurement, and gives a rough guideline to the nonlinear absorption (NLA) dynamics in
the samples. 4-B measured at the pump repetition rate presents the dichroic signal, and

provides increased signal relative to noise, as can be seen from a comparison of 4A+B

signals in Fig.
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Figure 2.7: Time resolved nonlinear absorption signals of AF60, and MPPBT, and of their respective

solvents, obtained using the dichroic polarization condition. The inset shows the signal from the THF
solvent. Each trace represents an average of three scans.
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Figure 2.8: Raw scans in the dichroic DOKE condition for AF60, showing A-B and A+B signals. Both
signals show peaks at zero probe delay time, reflecting instantaneous TPA, as well as time-delayed tails

suggesting Pump-induced excited state absorption. Both signals can be used to obtain ¢” values. The
dashed line establishes a baseline for the A+B signal.

2.8, A-B signals in Fig. 2.8, and the (4-B)/(A+B) signals from Fig 2.3. The combination
of the two signals gives the (4-B)/(A+B) analysis of the DOKE technique. As mentioned
in the previous section, the 4+B signal provides an independent measurement of o
through simple beam attenuation analysis. From the signals in Fig 2.8, the A+B response
estimates a value of 6?=70+20 GM, in agreement with the more precise DOKE analysis.
A further comparison of the quantitative values obtained with DOKE detection and the

single-beam transmission method is presented in Chapter 3.

Nonlinear Dichroism vs. Nonlinear Absorption: The complete treatment of nonlinear
absorption in conjugated molecules must take into account the full polarization
relationship of the pump and probe beams. The relative angle of polarization between the
pump and probe determines the strength of the various dipole and transition dipole

moments, as outlined by Birge and Pierce in 1979.[31] In that study, Birge and Pierce

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2: DOKE CHARACTERIZATION OF NONLINEAR ABSORPTION
DYNAMICS

looked at TPA that is degenerate in energy (but not in polarization) in conjugated
polyenes, and found that the relative polarization of the pump and probe beams
influences the overall TPA cross-section. This effect directly impacts DOKE-obtained
signals, as it would imply that there is a quantitative difference between signals obtained
in the DOKE dichroic polarization condition, where the pump beam is linearly polarized
and the probe beam is circularly polarized, and standard transient absorption conditions
where both beams are linearly polarized.[31] Figure 2.9 shows transient absorption
signals from a solution of tetrakis(phenylethynyl)benzene (ertho-TPEB) in THF (see
chapter 5 for a full description of this series of 2-dimensionally conjugated isomers). For
transient absorption signals, we modified the DOKE layout by removing the quarter-
wave plate from the probe arm. For improved signal-to-noise, we monitored the 4+B
signal at the pump beam frequency of 270 Hz by lock-in detection. Since 4+ B represents
the total probe power, modulations in this signal indicate pump-induced probe depletion,
and thus nonlinear absorption. As can be seen from Fig. 2.9, TPA is maximized in this
sample when both pump and probe beams are polarized parallel to each other. When they
are polarized perpendicular to each other, less TPA takes place—but it is still very much
present. At a relative polarization angle of 45° between the pump and probe, an average
of the two previous cases is obtained. The ratio of on-peak TPA in the parallel and
perpendicular condition is 2.8:1 in this sample. Birge and Pierce predict a ratio of 3:1 for
conjugated chromophores when the molecules are assumed in their ideal planar geometry
and the dipole and transition dipole moments are aligned parallel to each other. These
conditions are expected to hold true for this TPEB sample, as is discussed in Chapter 5. It
is interesting to note that the ratio of the dichroic ESA signals is the same as that for
TPA. The significance of this is unclear, as Birge and Pierce addressed the dichroism of
instantaneous TPA only,[31] and two-photon accessed ESA is effectively a x®
process.[32]

One way in which DOKE detection differs from standard transient absorption is in
that the sample is probed with circular polarized light. Figure 2.10 compares the dichroic

signals of ortho-TPEB taken with a linearly polarized pump beam and a circular-
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polarized probe beam, and that in which both linearly polarized pump and probe beams
are used. Attenuation of 4+B signal is identical for both the dichroic and birefringent
DOKE polarization conditions. Furthermore, these signals are identical to the case of a
45° relative polarization between the pump and probe beams. This establishes another
strong advantage to the DOKE technique: Since the dichroic signal is identical in both
DOKE polarization conditions, its polarization dependence can be neglected. On the
other hand, standard transient absorption experiments need careful monitoring of the
relative polarization between the pump and probe beams. Again, these sentiments follow
for the ESA signal as well, which is identical for both of the DOKE polarization

conditions as well as for the 45° transient absorption signal, for the entirety of the long,

70 ps, scans.
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Figure 2.9: [colour] Transient absorption signals from a tetrakis(phenylethynyl)benzene (ortho-TPEB)
sample in THF. The strongest TPA is observed when both the pump and probe beams are parallel in
polarization, in close agreement with the 3:1 parallel:perpendicular TPA predictions by Birge and
Pierce.[31]
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Figure 2.10: [colour] Whereas the transient absorption measurement differs depending on the pump and
probe polarizations, DOKE signals are always the same as the transient absorption experiment with a
relative 45° pump-probe angle. The inset shows that this stands for ESA signals as well. The sample
investigated is ortho-TPEB (structure is shown in Fig. 2.9).

DOKE vs. Standard Transient Absorption Experiments: The preceding paragraphs
may prompt the following question: If DOKE detection provides the same basic
information as standard transient absorption experiments, what additional advantages
does it possess that warrant its use? The real power behind the DOKE technique is in its
ability to extract information about the dynamics of Re[y] in addition to Im[y® M. That
is, DOKE detection can investigate polarization-dependent induced-birefringence
responses in conjugated chromophores, in addition to TPA and ESA. To punctuate this
point, Fig. 2.11 presents various signals from ortho-TPEB; the A+B signal detected at
the modulated pump frequency of 270 Hz, and representing the transient absorption
signals previously shown in Fig. 2.10; the A+B signal detected at 1 kHz and representing
both a standard transient absorption signal and an element of DOKE detection; and 4-B at
270 Hz, which is the real key to DOKE detection. Furthermore, all of these signals are
obtained in the birefringent DOKE condition where the pump beam is polarized at 45° to

the pre-A/4-plate probe beam. From Fig. 2.11 it can be seen that both 4+B signals are
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basically the same in shape, and represent a purely absorptive response. The signal 4-B,
on the other hand, appears completely different—as it should—since it mostly represents
a birefringent response. In fact, in the absence of gain, the A+B signals will remain
positive, while it is possible for j~derived signals to be negative. Following Eqn. 2.3, for
DOKE analysis of the birefringent condition, both the signals of 4-B signal 270 Hz and
A+B at 1 kHz are needed. Inspection of Fig. 2.11 clearly suggests that the long-term
dynamics of the excited-state dichroism and birefringence are different. This, again, is
something that DOKE can extract, as shown in Fig. 2.12. Here, one can see that the
differences in long-lasting birefringence and absorption dynamics can be resolved, with
the birefringence condition providing far better signal-to-noise than the dichroic signal.

This is mainly due to the strength of the signal, as Fig 2.12 is to scale, but Fig 2.11 is not.
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Figure 2.11: Various signals from ortho-TPEB in the DOKE birefringent polarization condition. A+B
signals monitored at 270 Hz and 1 kHz detect transient absorption signals, while the A-B signal monitors

transient birefringence. Clearly, the birefringence response is different from the absorptive signal, and both
of these must be taken into account for the full DOKE analysis.
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Figure 2.12: Longer time signals of those presented in the previous figure. The absolute |A-B| signal is
larger than the absorptive A+B signal, and shows better signal-to-noise. The two phenomena also present
different exponential decay dynamics in this particular sample.

2.4 Summary

The preceding chapter lays out the foundation for using the differential optical
Kerr effect (DOKE) detection technique for the study of nonlinear absorption dynamics
including two-photon absorption (TPA) and two-photon-accessed excited-state
absorption (ESA). In previous works, we have established DOKE as a powerful
technique for the measurement of the complimentary Re[x"] response.[5,20] We have
presented comparisons of absolute o@-values of MPPBT and AF60 to those presented in
the literature, and find that the DOKE technique faithfully reproduces both the cross-
section and excited-state dynamics of other techniques. Furthermore, we have confirmed
some key conditions of DOKE detection such as the linear relationship between pump
beam intensity and on-peak TPA and the square dependence of pump beam intensity on
off-peak ESA. Specific attention was paid to differences between a standard pump-probe
transient absorption experiment and the DOKE technique, showing that DOKE is not

sensitive to changes in dichroism as a function of relative pump-probe polarization.
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CHAPTER 3:
VERIFICATION OF DOKE-OBTAINED TPA CROSS-

SECTIONS BY SINGLE-BEAM EXPERIMENTS ON
MPPBT

In order to further verify the quantitative TPA results obtained with the new DOKE
setup, we conducted a simple single-beam absorption experiment.[1,2] In this
experiment, we pass a single slightly-focused beam through the sample, carefully
monitoring both total input and output powers. By varying the incident power, we can
observe intensity-dependent (i.e. nonlinear) absorption in the sample. Analysis of these
results is straightforward, but requires complete knowledge of input beam parameters,
such as pulse shape, spot-size, and pulse duration.

In a sample that displays both linear and nonlinear absorption, beam depletion

may be given by
ol =—aloz —a'®PI*0z, 3.1

where z is the beam propagation direction, 7 is the beam intensity, « is the absorption
coefficient, and &/ is the two-photon absorption coefficient. Integrating over the entire

sample, of path length L, the emerging intensity 7, is given related to the incident

intensity, Iy, by

] = Le™ _ 3.2
T
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For most application-driven TPA samples, linear absorption is negligible at the

wavelengths of interest. For such materials (aL<<1), and the intensity-dependent

absorption is given by

~al
le

_ ’ 33
1+a®LI,

to first order in o/®L. This is simply the lincar (Beer’s-law reduced) transmission

multiplied by a nonlinear transmission term. For pulsed beams in which the time and

intensity profiles are Gaussian, and in the absence of linear absorption, the output

intensity may be given by [1,3]

_In{l+a®L1,)

1= 34
a®L

Typically, we can directly measure the beam power, P (in Watts), rather than the

intensity, 7 (in W/m?). The power transmitted through the sample,

p_Inll+a® LR))

3.5
a® L

is related to Eqn. 3.4, but yields a &/?” value in W'm™, rather than o® in m/W. The

experimentally-obtained o’? is related to the conventionally reported o/? through

(2)
a™” AR
a¥W ===

, 3.6
2

where 4 is the Gaussian spot size, R is the pulse repetition rate, and 7 is the Gaussian

pulse duration (FWHM+v2). The two-photon cross-section, is related to o via
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o a®Phw 3 aPch 3.7
N, N’ '

where ¢ is the speed of light, 4 is Planck’s constant, A is the incident beam wavelength,
and Ny is the molecular number density (concentration) of the sample, in m>. o is
typically reported in Goppert-Mayers (GM), equivalent to 10 em’s 'lphoton'lmolec.'l.
Thus, using Equations 3.6 and 3.7, a convenient form for the experimentally obtained

single-beam TPA cross-section, may be given by

2
o (GM) = Z—PAR 18 3.8
2N,

where the entire right-hand side is in SI units.

To verify the o@-value we obtain from the second DOKE condition, we
conducted single-beam measurements on MPPBT samples of various concentrations in
dimethylsulfoxide (DMSO). Figure 3.1 presents the input- versus output powers, along
with fits to an equation similar to 3.5, but modified to account for an intensity-
independent reflection at the front surface of the 1 mm path-length quartz cuvette. Front-
surface reflection is easier to account for compared with linear absorption, as it is a single
event, and only scales down the input power. The input photodiode deviated slightly from
linearity, especially at the lowest and highest powers. To account for this, and in order to
resolve the small absorptive signals that manifest as deviations from linearity, the vacant-
path run was fit to a polynomial of order 3, and re-normalized for linearity. All
subsequent single-beam experiment runs of the same day were calibrated to the same
polynomial. These corrected signals are those displayed in Fig. 3.1, and the fitting
parameters are reported in Table 3.1. As is evident from Figure 3.1 and Table 3.1, the
blank solvent DMSO does not display any nonlinear absorption, but does display a linear
trend with a slope smaller than 1. This is evidence of reflection losses at the front (and
probably back) surface. The fits for all sample trials yield a reflection coefficient of 0.06-
0.07 (6% to 7%), as has been previously measured for our specific sample cuvettes.[4]

Fits to the 3 mM MPPBT in DMSO trials yield a nonlinear absorption coefficient of
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(0.110£0.017)x10° m™W™. With a measured (slightly elliptical) spot size of approx.
(5.8)><10'8 m?, and a Gaussian pulse width of 78 fs, we obtain a TPA cross-section of
6 \pper=340+£60 GM, this value is comparable to 380 GM, obtained directly by the
DOKE technique [see §2.3]. The more concentrated MPPBT samples yield similar cross
sections of 0@ uppr1=330+40GM and 0@ \ppp1r=300+30GM for the 10 mM and 20 mM
samples, respectively. However, the more concentrated samples experience much larger
absorptions, as is evident from Fig 3.1, and thus may be either experiencing saturation of
the two-photon signal or undergoing other phenomena.[5] Thus, the best value to
compare with our DOKE results are those of the 3 mM sample, as it is this concentration
at which we conduct that vast majority of our experiments on MPPBT. Regardless, the
results obtained by the single-beam measurement agree with our other results well,
confirming our DOKE technique as a good quantitative tool for measuring ultrafast

nonlinear absorption phenomena.

Table 3.1. Fitting parameters for single-beam nonlinear absorption measurements of MPPBT in DMSO, as
presented in Figure 3.1.

Sample oz’a Reflection Ny o
(10° m'W) factor (molec./m™)  (GM)
Blank 0.006+0.003  0.0010.001
DMSO 0.008+0.002  0.074+0.001
MPPBT (3 mM) 0.12240.002  0.065+0.001 1.81x10%
0.098+0.001 0.074% 1.81x10*
average  0.110+0.017 1.81x10* 340+60
MPPBT (10 mM)  0.381+0.004  0.058+0.001 6.02x10*
0.333+0.001 0.074% 6.02x10%
average  0.357+0.024 6.02x10% 330440
MPPBT (20 mM)  0.683%0.004  0.052+0.001 |5 gax10*
0.612+0.002 0.074% 12.04x10%
average  0.647+0.035 12.04x10% 300430

(3 parameter is fixed to match the fitted reflection from DMSO.
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Figure 3.1. Single-beam nonlinear absorption measurements on MPPBT in DMSO. The data is fit to an
equation (inset) that accounts for a constant reflection at the front-surface of the sample cuvette. The output
power was calibrated by a polynomial of order 3, to approximate linearity through the vacant path. All
other single-beam runs were normalized to this calibration. Solid lines are free fits to the inset equation.
Fitting parameters are reported in Table 3.1.

3.1 References

[1] G. S. He, L. X. Yuan, N. Cheng, J. D. Bhawalkar, P. N. Prasad, L. L. Brott, S. J.
Clarson, and B. A. Reinhardt, J. Opt. Soc. Am. B. 14, 1079 (1997).

[2] S. Kershaw, Chapter 7: Two-Photon Absorption, in Characterisation Techniques
and Tabulations for Organic Nonlinear Optical Materials, edited by M. G. Kuzyk
and C. W. Dirk (Marcel Dekker, New York, 1998).

[3] B. A. Reinhardt, L. L. Brott, S. J. Clarson, A. G. Dillard, J. C. Bhatt, R. Kannan,
L. Yuan, G. S. He, and P. N. Prasad, Chem. Mater. 10, 1863 (1998).

[4] A. D. Slepkov, Third-Order Nonlinearities of Novel iso-Polydiacetylenes Studied
by a Differential Optical Kerr Effect Detection Technique, M.Sc. thesis.
University of Alberta, Edmonton, 2001.

[5] It may be noted that the fits for the 20 mM MPPBT samples were somewhat less
robust than those for the 3 mM and 10 mM samples.

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PART I

NLO STUDIES OF

MOLECULES WITH VARIOUS

CONJUGATION SCHE

ES

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4: EXTENDED POLYYNES: ONE-DIMENSIONAL SYSTEMS

CHAPTER 4:
LINEAR AND NONLINEAR OPTICAL
CHARACTERIZATION OF EXTENDED POLYYNES:

STRUCTURAL AND OPTICAL ONE-DIMENSIONAL
SYSTEMS

4.1 Context

While diamond, graphite, and fullerenes/nanotubes are well known as allotropes
of carbon, carbyne—the hypothetical linear form of entirely sp-hybridized carbon—has
presented significant synthetic challenges (See Fig. 4.1).[1] Within these carbon
allotropes, the nature of the carbon-carbon bond allows for a wide variation in electronic
properties. Although sp3 -hybridization yields insulating carbon in the form of diamond,
sp>-hybridization can lead to conductive properties, such as in graphite, or both the
insulating and semiconducting properties of nanotubes and fullerenes. The electronic
properties of carbyne remain unknown. The sheer density of delocalized m-electrons
within carbyne, however, offers the promise of an interesting electronic landscape.
Whether carbyne is insulating, semiconducting, or metallic, remains to be discovered.
Polyynes are the oligomeric cousins of carbyne, and it is hoped that the spectroscopic
study of polyynes will yield information regarding the optical and electronic properties of
carbyne. Thus, our group has synthesized extended polyyne oligomers with up to twenty
consecutive sp-hybridized carbons and relatively benign end-groups, in an attempt to
glimpse the properties of carbyne. Our optical and nonlinear optical investigations on
extended polyynes represent the first of their kind, providing insightful trends as a
function of molecular length. Furthermore, while it may not be surprising that polyynes

are structurally one-dimensional (as evidenced by X-ray crystallography [2]), we have
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found strong evidence that polyynes are model 1-D optical and nonlinear-optical systems.
We have published the sum of these finding in two letters,[3,4] an SPIE conference
proceedings,[5] and a full article.[2] The following chapter presents an integrated account
of the optical and nonlinear optical experimental results on two series of polyyne
oligomers. Two-photon and excited-state absorption behaviour of polyynes have not been

previously published, and are reported here for the first time.

sp3-hybridized sp>-hybridized sp?-hybridized

Diamond: Graphite: C60 Fullerene:
(insulating) (semi-metallic)  (semiconducting)

W SSESSTEIEzsEsIcess==SI =ISSSISESSSISSSSSISSSSSESISISSSSSSSSECISSESISEITISSIECCSSCESSEESSSSCSTSIISISISESSISSEIDIISRESY

sp-hybridized

Carbyne:
(metallic? semiconducting? Insulating?)

Figure 4.1. Various carbon allotropes. While diamond, graphite, and fullerenes are well known, carbyne is

relatively obscure and elusive. Carbyne is a homogeneous and linear chain of sp-hybridized carbons, with
unknown electronic properties.
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4.2 Introduction

Linearly-conjugated frameworks are at the forefront of research on the nonlinear
optical properties of organic materials.[6-8] The high densities of delocalized-electron
afforded by the alternation of single- and multiple-bonds in conjugated systems lead to
the sizable increases of optical nonlinearities over other non-conjugated frameworks.[7]
A central benefit to studying organics as nonlinear optical materials for potential
applications lies in the versatility of their structural motifs.[7,8] Therein lies the main
question guiding the field of organic nonlinear optics: which conjugation schemes yield
the highest optical nonlinearities? It was rapidly discovered, however, that unlike
saturated (non-conjugated) molecules such as alkanes,[9] conjugated oligomers yield
rapid increases in nonlinear optical activity as a function of molecular size.[6,8] Thus, the
central question then becomes: which conjugation scheme yields the most rapid increases
in optical nonlinearity with increasing oligomer length (or the number of repeat units)?

For a given series of conjugated oligomers, the magnitude of the third-order
nonlinear hyperpolarizability, y is known to increase super-linearly as a function of
length.[6] For oligomers shorter than the effective conjugation length, theoretical models
invariably predict a power-law dependence of y~ n° ~ L°, where L is the length of the
molecule, # is the number of repeat units, and ¢ (or ¢”) is the power-law exponent.[10-12]
Both theoretically and experimentally, the exponent ¢ remains the most commonly used
figure of merit for the comparison of third-order optical nonlinearities among different
oligomer series.[6] Whereas a constant exponent ¢ is expected for small- to medium-
length oligomers, as the chain length approaches the effective conjugation length, the
onset of saturation will manifest itself as a decreasing ¢ value.[11] Once saturation is
reached, increasing the length of the oligomer does not increase the extent of conjugation,
and y will vary linearly with oligomer length (i.e., ¢c=1). Various values of ¢ have been
theoretically predicted for organic oligomers, depending on the theoretical model used. In
studies that consider a generic model of n-conjugation, predictions range from ¢ = 5 for
both the “free electron in a box™ and the one-electron Hiickel models, to ¢ = 3.2 for more
complex approximations that account for electron-correlation effects.[6,8] Most

computational models yield an exponent around ¢ = 4.[6]
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In the past several decades, the third-order nonlinear optical properties of various
quasi-one-dimensional conjugation schemes have been experimentally investigated.
These include, but are not limited to, various oligomers such as carotenoids
(polyenes),[13]  polytriacetylenes,[14]  polythiophenes,[15]  oligophenylenes,[16]
enynes,[17] polyenes,[11,18] cumulenes,[19] p-phenylenevinylenes (PPV),[20] and
polyphenyleneethylenes (PPE).[21] Compared with the aforementioned schemes—all of
which contain significant sp*-hybridization in their conjugated backbone—polyynes are
composed of a purely sp-hybridized backbone and are a unique class of conjugated
oligomer (see Fig. 4.2). As such, polyynes are perhaps the simplest and yet most
intriguing of conjugated organic oligomers.[6,22] As truly one-dimensional
molecules,[2] polyynes represent a unique model for probing electronic communication
free of the configurational limitations often imposed by rotation about single bonds. This
characteristic distinguishes polyynes from other typical organic oligomers and polymers,
for which bond rotation can result in an interruption in conjugation along the molecular
framework (see Fig. 4.3).[23,24] This is, for example, well documented in the case of
polydiacetylenes, for which the electronic and optical properties are dependent on
solution-state conformation.[25] A strong dependence of the nonlinear optical properties
on bond configuration has also been shown for conjugated polyenes.[26]

Compared to other semiconducting organic compounds such as polyenes,[11]
polydiacetylenes[17] and polytriacetylenes,[27] polyynes remain the most synthetically
challenging and difficult to study.[28-31] To date, formidable synthesis obstacles have
meant that although the isolation of both short and extended-polyynes has been reported,
the study of electronic, optical, and, in particular, third-order nonlinear optical properties
of such systems has been extremely limited. In lieu of sufficient experimental data, the
linear and nonlinear optical properties of extended polyyne carbon chains have been
widely explored theoretically, often in comparison to other conjugated oligomeric
structures.[6] While the molecular structures of the systems vary, these reports
consistently predict that the molecular second hyperpolarizability, y, for polyynes will
increase as a power-law with respect to length.[12,32-34] These same studies also
suggest that this power-law relationship of y versus length for polyynes will be inferior to

that of polyenes and polyenynes. Experimentally, however, these predictions have been

neither challenged nor confirmed.[35]
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R
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Poly{p-phenylene vinylene) Polyacetylene Polyyne Polyphenylene
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Figure 4.2. Variously conjugated oligomers, for comparison with polyynes (PY). Whereas all of the other
oligomers have some sp® character in the conjugated backbone, polyynes are composed of an entirely sp-
hybridized carbon chain.

max. overlap min. overlap

45°

Figure 4.3. A schematic representing how conjugation and p-orbital overlap are disrupted by rotations
about single bonds in sp® and sp hybridized paths. While polyenes can experience the maximum
misalignment of m-orbitals, polyynes experience no more than a 45° misalignment through rotation, and
thus always maintains some degree of conjugation.
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Figure 4.4. Structural representation of the oligomeric compounds discussed in this chapter. The full
extent of longest polyyne, TIPS-10yne, is shown for emphasis.
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4.3 Experimental

Compounds: In order to test the aforementioned theoretical predictions, as well as in
attempt to glimpse the optical properties of carbyne, a series of extended triisopropylsilyl
end-capped polyynes (TIPS-PY) with n=2-10 triple bonds [2,3], phenyl end-capped
polyynes (p-PY) with n=2-8 triple bonds, as well as n=6 bis-substituted tert-butyl-phenyl-
hexayne (¢Bu-p-6yne) and n=6 bis-donor-substituted methoxide-phenyl-hexayne (MeO-
p-6yne) were synthesized (see Fig. 4.4).[4] The simple but bulky TIPS moiety has been
incorporated for added solubility and stability. It does not dramatically alter the electronic
makeup of the carbon chain, nor does it extend conjugation beyond the polyyne
backbone,[36] allowing for an analysis of an essentially pure sp-hybridized carbon
system.[2]

For UV-vis spectroscopy, polyynes were measured in a Varian Cary 400
spectrometer as dilute solutions in hexanes.[2] For NLO measurements, all samples were
investigated as dilute solutions in tetrahydrofuran (THF), and were sufficiently soluble
for NLO measurements, with the exception of sample MeO-p-6yne, which could not be
sufficiently solubilized to yield precise y-measurements. Solubility in this sample was,
however, sufficient for nonlinear absorption measurements. NLO characterization at a
wavelength of 800 nm was conducted with the ultrafast DOKE detection technique as

described in Chapter 2, and elsewhere.[37] All y-values are referenced to that of THF

(VTHF=5.2><10'37 esu),[38] and all o@-values are relative to that of MPPBT (0(2)MppBT=3 80

GM ; A=800 nm).[39] A summary of optical and nonlinear optical values for TIPS-PY
and p-PY are listed in Table 4.1. Raw TIPS-PY DOKE scans in both polarization

conditions are presented and discussed in Appendix C.
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4.4 Results and Discussion

Linear Optical Properties: A fair amount of insight into the electronic landscape of
polyynes may be achieved by UV-vis spectroscopic characterization. The UV-vis spectra
of TIPS-PYs and p-PYs are presented in Figure 4.5. In contrast to most other conjugated
organic molecules, the high-energy region of the UV spectra (220- 270 nm) of the longest
polyynes is nearly transparent. This rare characteristic could allow for interesting optical
applications for such compounds within this window of transparency. For the TIPS-PYs,
the vibronic structure is clearly visible, appearing as a series of narrow absorption peaks
with steadily increasing intensity toward the visible region. Thus, the highest wavelength
of absorption peak, Amax, for each TIPS-PY oligomer reflects a pure transition from the
lowest energy vibrational level in the ground state to the lowest energy vibrational level
in the excited state. There is a corresponding increase in the molar absorptivity (¢) as the
chain length increases, and the 7IPS end-capped systems show some of the highest molar
absorptivity values measured for polyynes, with octayne TIPS-8yne at € = 603,000 M’
'em” and decayne TIPS-10yne at € = 753,000 Mlem™. A comparison of e-values at Amax
for TIPS-10yne to that of other known decaynes highlights the dramatic dependence of
the oscillator strength on the nature of the end group: a rhenium end-capped decayne
shows £=190,000 M'cm™,[40] a dendrimer-terminated decayne &= 605,000 M 'cm™',[30]
while a decayne terminated with +~Bu groups shows e= 850,000 M 'cm™.[41] Further
highlighting the enhanced oscillator strength of 77PS end-capped polyynes is a
comparison between the octamers TTPS-8yne and p-8yne; where the phenyl end-capped
oligomer displays a peak molar absorptivity that is less than one-half that of its TIPS-
terminated counterpart (See Table 4.1).

A red-shift in Amex is clearly visible as the conjugation length of these carbon rods
is increased, indicating a decrease in the HOMO->LUMO energy gap. It is expected that
at a particular chain length, saturation of this effect will occur. Such saturation would

represent the effective conjugation length of the oligomers, where the energy gap reaches
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a minimum and constant value representative of the theoretical carbon allotrope,
carbyne.[42] This property is linked to the bond-order alternation (BOA), or electronic
homogeneity of the conjugated backbone (See Chap 1).[43,44] Theoretical studies have
predicted various degrees of bond-order alternation in carbyne chains, from sizable
values,[45] through extremely small,[43] or even zero.[46] A small BOA in polyynes
would imply that all middle-chain carbons are nearly degenerate, and would represent
either conduction or a miniscule band-gap in polyynes. Chaquin and coworkers have
predicted on the basis of semi-empirical calculations (ZINDO) that saturation (42,uq/4n
= () for a polyyne chain will occur at 400 nm.[42] This value is lower than 565 nm [40]
and 569 nm [30] predicted based on previous experimental analysis.

If electron correlation effects are taken into consideration, the empirical power-
law 1/Amax=Emax~n"" best describes the relationship between Epay, Amax and n.[6,47] This
relationship is well represented in Fig. 4.6b, and portrays the power-law decrease in Eax
as a function of chain length through at least Cyp in TIPS-PYs. Overall, the TIPS-
protected polyyne oligomers yield a fit of Epaxr 27749992 46 high precision. This result
contrasts that of Gladysz et al. who observed a relationship of Emax~n_'.[40] It is,
however, close to the well-established relationship of Epma~n > observed for many
polyenic materials.[20,48] Since the high-precision fit for the TIPS-PY series includes
the longer oligomers, no indication of saturation of the HOMO->LUMO energy is yet
observed, as would be indicated by the levelling of E,,, values as »n increases. Thus, a
prediction regarding saturation in Am,x cannot be made on the basis of these UV-vis
results.

Whereas TIPS-polyynes have straightforward absorption spectra, with a clear
absorption peak corresponding to the gap energy (at Amax), the phenylated polyynes show
complex absorption spectra with some barely-resolvable absorption resonances extending
past Amax into the low-energy region beyond 340 nm, as can be seen in Fig. 4.5b.[4] Thus,
it is difficult to designate a precise and unique Anux value to these samples, for further

analysis. Instead, for analysis of the bathocromic shifts in the absorption energy that
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indicate increases in conjugation length, we used the leading (small) absorption
resonance in the low-energy visible region, as previously described (see Fig 4.5¢).[4]
Overall, the absorption red-shift in p-PYs follows a very similar power-law trend to that
in TIPS-PY, yielding Eg~n">*°! (see Fig. 4.6).

A comparison of polyynes to similar oligomers is instructive: polytriacetylenes
(PTAs) and polyphenyleneethynylenes (PPEs), shown in Fig. 4.4, are close analogues to
polyynes. The polytriacetylenes investigated by Martin et al. have a conjugated backbone
with two sp-hybridized carbons for every sp’-hybridized carbon.[27] E, for this series
diminishes with oligomers length, but although conjugation is clearly being extended, the
trend shown in Fig. 4.6a does not approach a power law. The PPE series investigated by
Meier et al. has a highly linear conjugated backbone of alternating phenyl rings and sp-
hybridized carbons.[21] Again, conjugation is seen to extend, but the gap energy
diminishes much more slowly than for the polyynes, with a power-law fit of Eg~n'0‘14i0‘0].
It is probable that deviations from a power-law for these samples may be explained by
saturation of the conjugation length. Whereas we see no indication of saturation in our
polyyne series—neither in the UV-vis nor in the to-be-discussed nonlinear optical data—
Martin et al. indicate that saturation has begun by n=6 for the PTA series,[27] and Meier

et al. suspect that the PPEs behave differently as short #=1,2 chains than they do in
extended (>3 chains).[21]
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Figure 4.5. UV-vis absorption spectra of the studied polyynes. (a) TIPS-PYs. (b) p-PYs. (¢) Selected
polyynes re-displayed for an overly comparison between the two series. TIPS-8yne and T7PS-10yne show
spectra wherein the vibronic structure of the pure polyyne backbone is dominant. In p-6yne and p-8yne,
the absorption spectrum is more complex. Black arrows signify Ay, in region I (upwards) and region II
(downwards), used for further analysis. Inset expands region II absorption in p-8yne.
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Table 4.1. A summary of optical characteristics for the studied polyynes. A, is the highest wavelength of
absorption maximum corresponding to the energy gap of the compound. p-PYs display an additional high-
wavelength region of miniscule absorption. A, of in this region for those compounds are in [brackets].
U.R. corresponds to data that was unresolved; N.C. corresponds to data that was not collected.

Sample # triple Amax Y c® (@ Ama), [£ (@ 400nm)]
bonds, n {(nm) x 107 esy (GM) (L mol' cm™)
TIPS-2yne 2 <210 2.75+0.28 N.C <1,000, [<1,000]
TIPS-3yne 3 234 7.02+0.70 N.C 93,000, [<1,000]
TIPS-4yne 4 260 12.5£2.1  0.3440.09 157,000, [<1,000]
TIPS-5yne 5 284 35.3%1.2 N.C 293,000, [<1,000]
TIPS-6yne 6 304 64.5+2.9 U.R 359,000, [<1,000]
TIPS-8yne 8 339 238+47 7.6+£0.8 603,000, [<1,000]
TIPS-10yne 10 369 646+27 3443 753,000, [2,000]
p-2yne 2 328 1242 N.C 30,000, [<1,000]
p-4yne 4 288 (399) 49+18 1.2£0.2 143,000, [21,000]
p-6yne 6 337 (465) 217+10 2.7+0.4 155,000, [6,0 00]
tBu-p-6yne 6 342 300+30 7.6£0.8 206,000, [21,000]
MeO-p-6yne 6 351 UR 1442 164,000, [29,000]
p-8yne 8 344 (512) 588436 68+7 272,000, [37,000]
! 1 3 i L ] T 1 1 ‘
(a) (b)
4t : 14
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Figure 4.6. Absorption trends in two series re-analyzed from the literature (a),[21,27] and in our studied
polyynes (b). Power law decreases in the absorption energy as a function of oligomer size for the polyynes
indicate that saturation in the conjugation length has not yet begun (fits are shown by solid lines).
Polytriacetylenes (PTAs) and poly(phenylene ethynylene)s (PPEs) also show decreases of the gap energy
with length, but they do not follow a strict power-law. The best power-law fit for PPEs is shown.
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Kerr Nonlinearity: Molecular second-hyperpolarizabilities for all of the studied
polyynes are presented in Table 4.1. With the exception of MeO-p-6yne, which did not
display a large enough Kerr signal be to resolved beyond the THF background at the
maximum concentration, all other samples produced strong Kerr signals. As mentioned
above, y is expected to increase as a power-law with increasing chain length for
conjugated oligomers. Indeed, as seen in Fig. 4.7, TIPS-PY and p-PY display this trend,
with exponents of ¢ = 4.3 and 3.8, respectively. Our DOKE signals, obtained with
femtosecond pulses, typically yield much lower jpvalues than those obtained with
nanosecond or picosecond pulses.[49,50] However, when comparing nonlinearities in our
polyynes to polyenic materials studied by the same technique, we find that the polyynes
already show sizable nonlinearities by the stage of the decamer. For example, f-carotene,
a polyene with 22 consecutive sp2 carbons, shows 7=(7.9i0.8)><10'34 esu, as measured in
THF with our DOKE setup, compared to TIPS-10yne that has 20 consecutive sp carbons
and shows 7=(6.5+0.3)x10™* esu.[3]

Although experimentally-obtained y-values depend drastically on the detection
technique used, the excitation pulse duration and the wavelength of light used, the
comparison of power-laws is fairly reliable between sample series reported by different
groups.[6,44] The exponent of ¢ = 3.8 obtained for phenylated-polyynes is among the
largest non-resonant exponents reported for any oligomer series, while that of the 77PS-
polyyne is, indeed, the largest. By comparison, Martin et al.’s PTA series and Meier et
al.’s PPE series display much smaller power-law exponents of 2.5 and 2.3 respectively
(see Fig 4.7). Various other substituted and unsubstituted polyenes have displayed
exponents ranging from ¢=2.3 to 3.6.[8,11,51] Thus, our results contrast all previous
theoretical expectations of lower power-laws for polyynic materials over polyenes.
Overall, the phenylated polyynes can be said to behave analogously to that of the TIPS-
polyynes, with both the UV-vis absorption and the Kerr nonlinearities paralleling one
another. Although the p-PYs display a slightly slower rise in molecular nonlinearity, the
hyperpolarizability of these end-capped polyynes are considerably larger than those of
the unsubstituted polyynes. In addition, the bis-donor-substituted phenylated polyyne
(tBu-p-6yne) shows a larger nonlinearity than the unsubstituted p-6yne. Furthermore, as

seen in Fig. 4.7, even by the decayne length of the TIPS-PYs, there is no onset of
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saturation for either series. The parallels in linear and nonlinear optical character between
the phenyl-capped and the relatively electronically-innert silyl-capped polyynes suggest
that, although the phenyl group is a strongly-conjugated moiety, the inhomogeneity it

introduces to the m-system in the p-PY series may be mitigating stronger power-law

increases.

Polyynes as Optical One-Dimensional Systems: In addition to having the fastest rise in
y with extended conjugation length than the quasi-one-dimensional oligoene, polyynes
display characteristics predicted for 1-D materials. Recent random phase approximation
(RPA) calculations conducted on a variety of materials with various conjugation schemes
predict universal power-law trends in the gap energy and longitudinal hyperpolarizability
Yrxo-]47] One-dimensional oligomers would be expected to be dominated by this
longitudinal tensor component. With the direct scaling of polyyne length to the number of
repeat units, our power-law of y~n****! for the TIPS-PY series is in almost perfect
agreement with the RPA prediction of a universal 1-D vy, ~L****! [47] Furthermore, our
power-law trend in absorption energy exactly matches the predicted Eg~n'°‘38*0'02.[47]
These findings lend credence to the idea that polyynes not only look one-dimensional
physically, but also behave so both optically and electronically. Another recent
exploration of possible one-dimensional behavior in conjugated systems has yielded a
theoretical expression derived from sum-rules. Kuzyk has recently proposed the

following expression as the upper limit for yin linear conjugated organics:[52]

Viow <4 'm?N’E] 4.1

Where e is the electron charge, m is the electron mass, and N is the number of electrons.
Assuming that all of the delocalized electrons come from multiple bonds, N should scale
directly with the number of repeat units, #, in our oligomers. With our trend relating the
absorption energy and the number of repeat units, we find that Eqn. 4.1 predicts Yo"
for our TIPS-PY series and e~ for our p-PY series. This is in excellent agreement
with our direct power-law findings of Yrpspy~n> and 7;,-py~n3 8 Indeed, to date,

polyynes are the first oligomeric system to approach this limit.[52,53]
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Figure 4.7. Power law trends for increasing third-order molecular nonlinearity, y, with chain length for
both of our polyyne series and for two poly-enyne series re-plotted from the literature.[21,27] p-PYs show
a power law that is very similar to that of the T/PS-polyynes, which show the largest power-law exponent
of any conjugated oligomers system. The solid lines are fits to the form y =a+bn‘, where a is an offset due
to the end-group effect, b is a constant, and ¢ is the power-law exponent. For PTA and PPE, an offset of

a=0 was used in in these fits. For p-PY and TIPS-PY, a=8.8x107¢ esu and a=2.2x10"° esu were used,
respectively.

Two-Photon Absorption: The two-photon absorption (TPA) cross section of polyynes
at 800 nm was also investigated. This work is the first report of two-photon and excited-
state absorption dynamics in any polyyne oligomers. As with the Kerr nonlinearity, TPA
in polyynes increases rapidly with conjugation length. As outlined in Chapter 1, there are
many factors that determine the two-photon absorption characteristics of organic samples
including symmetry, dimensionality, dipole/multipole strength, and conjugation
length.[54-56] Of these, conjugation length has been identified as most influential in
increasing the TPA cross-section.[54,55] Furthermore, adding donor and acceptor end-
groups has also been identified as beneficial to increasing TPA. With their long and pure

conjugation frameworks, substituted polyynes make promising candidate for materials
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with large two-photon absorption. On the other hand, polyynes are fairly transparent
between 400 nm and 600 nm, and thus may have TPA resonance maxima only at the
edge of the visible range. Polyyne two-photon absorption cross-sections are presented in
Table 4.1 and are plotted as a function of chain length in Fig. 4.8. The most interesting
finding is that the TIPS-capped octayne and decayne display nontrivial cross-sections of
7.6 GM and 34 GM at 800 nm despite having negligible absorptivity at or beyond 400
nm. This finding may indicate that extended polyynes posses a rare feature found in
extended polyenes, in which the lowest two-photon-allowed state—which, due to
selection rules for symmetric molecules, is one-photon forbidden—is below the lowest
one-photon level.[57-59] Thus, longer polyynes can be expected to have strong TPA at
longer wavelengths, as extended conjugation red-shifts the entire one-photon spectrum,
and the lowest two-photon state red-shifts even further.[57]

Some general trends can be discerned from the obtained two-photon absorption
cross-sections. Clearly, TPA increases rapidly with conjugation length. This is most
evident in the p-PY series, in which the octamer has a 30 fold increase in o/” over the
hexamer. In general, the phenylated polyynes also show increased two-photon
absorption over the TIPS-polyynes, with the p-8yne displaying a 9 fold increased cross-
section over the TIPS-8yne. This difference may indicate that the p-PYs have longer
conjugation lengths than the TIPS-PYs, suggesting that the phenyl end groups are, after
all, considerably integrated into the conjugated backbone; in seeming contradiction of the
discussion in the previous section. On the other hand, because the phenylated polyynes
absorb at considerably longer wavelengths compared to the TIPS end-capped polyynes,
this increase in TPA may simply indicate enhancements in the detuning factor
(denominators) in Eqn. 1.5. The increases in TPA upon bis-donor end-capping are
probably not due to these spectral arguments, as the tBu-p-6yne shows a three-fold
increase in o™ over the unsubstituted p-6yne, while having a nearly identical UV-vis

absorption edge. Bis-donor substitution further raises the cross-section by a factor of two
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over the tBu-p-6yne species. This finding is consistent with the well-established trend
that donor-substitution typically affords large increases in TPA (see §1.2 and §5.4).

The prospect of high two-photon absorption in carefully-engineered polyynes is
quite promising. By the stage of the octayne, p-PYs already shows a sizable cross-
sections of 0” = 68+7 GM. With unabated increases in conjugation, longer polyynes
substituted with stronger donors and/or acceptors may yield extremely large two-photon
cross sections. Of course, there is no reason to believe that the peak of the TPA spectrum
resides at 800 nm, and studies at other wavelengths should yield drastic increases in
polyyne TPA. In particular, as the one-photon absorption spectra of polyynes are
dominated by a single low-energy absorption with a very sharp edge, it may be possible

to affect a double-resonance condition that will lead to huge cross-sections.[39,60,61]
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Figure 4.8. A scatter plot of two-photon absorption cross-sections obtained from polyynes at 800 nm.

Absolute o@-values are relative to G(Z)MPPBT=380 GM (1 Goppert-Mayer (GM) = 10% cm4s'1photon'
1 -1
molecule™).
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Nonlinear Absorption Dynamics: A major advantage to using a pump-probe
experiment to probe sample nonlinearities is the temporal information it yields.[62] For
example, other techniques such as z-scan and nonlinear transmission experiments (see
Chapter 3) cannot directly discern between instantaneous TPA and other nonlinear
absorption processes such as two-photon mediated excited state absorption.[50,63] This
ambiguity often leads to inflated TPA cross-sections reported with nanosecond pulse
experiments.[64] Some representative polyyne nonlinear absorption signals are presented
in Fig. 4.9. All investigated samples show a sharp peak centered about the arrival time of
the probe pulse. This ultrafast signal follows the cross-correlation of the pump and probe
pulses and represents the instantaneous TPA. Some samples also exhibit longer-lasting
excited state absorption (ESA). This process represents the absorption of a delayed probe
photon from a state populated by pump beam two-photon absorption.[63] A simple three-
level model suffices for explaining the ESA decays presented in Fig. 4.9b. The two-
photon state remains populated for a very long time in the p-8yne sample, displaying an
exponential decay rate of hundreds of picoseconds. By contrast, the bis-donor-substituted
MeO-p-6yne shows a decay rate of only 30 ps, while the unsubstituted p-6yne does not
exhibit resolvable ESA (not shown).
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Figure 4.9. [colour] Selected time-resolved nonlinear absorption signals. (a) Instantaneous two-photon
absorption gives way to longer-lasting excited state absorption. (b) Excited-state absorption in two samples
studied at long times show a simple exponential decay fits (solid lines) with two very different relaxation
times.
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4.5 Summary

We have used a differential-detection optical Kerr effect scheme to measure the
optical and third-order nonlinear optical properties of two series of extended polyynes
(PYs). A series of triisopropylsilyl end-capped polyynes with up to 10 triple bonds and a
series of phenyl end-capped polyynes with up to 8 triple bonds, in addition to two bis-
donor substituted phenyl-hexaynes have been investigated. Polyynes are composed of a
pure sp-hybridized carbon backbone and have a very high density of delocalized -
electrons. In addition, polyynes are strictly linear and free of the conformational defects
that plague some other conjugated frameworks, such as polyacetylenes. Both the
wavelength of absorption (corresponding to the gap energy) and the molecular second-
hyperpolarizability increase as a power-law with increasing chain length. For the TIPS-
PY series, the absorption energy increases as Eg~n"> "% and the nonlinearities
increase as yn">**!. The phenyl-polyynes show very similar trends of Eg~n'0'36i0‘01 and
pn>7**! These trends make clear that saturation in the conjugation length has not yet
begun at the lengths studied. The power-law exponent for y in TIPS-polyynes is the
largest reported for any conjugated oligomer series, a fact that is in direct disagreement
with all reported theoretical calculations that predict superior exponents for polyenes and
polyenynes than for polyynes. In addition, when compared with theoretical modeling of
pure one-dimensional systems, both optical and nonlinear optical results confirm that
polyynes behave one-dimensionally. Time-resolved nonlinear absorption measurements
show that, for both series, the two-photon absorption cross-section increases dramatically
with conjugation length. Furthermore, extending the conjugation with phenyl groups
increases TPA in p-PYs over TIPS-PYs. Bis-donor and bis-acceptor substitution further
increases TPA in polyynes. Overall the p-8yne sample yielded the largest TPA cross-
section of 68+07 GM. There is evidence that, as with extended polyenes, the lowest-lying

excited state in long polyynes is a one-electron-forbidden two-photon-allowed state.
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CHAPTER 5:

THIRD-ORDER NLO DYNAMICS AND TWO-PHOTON
ABSORPTION IN TWO-DIMENSIONALLY-
CONJUGATED BENZENE-CORE ISOMERS

5.1 Context

Tetrakis(phenylethynyl)benzenes (TPEBs) are two-dimensionally-conjugated
chromophores that present disparate nonlinear optical response as a function of
donor/acceptor substitution symmetry about a central benzene core. TPEBs display large
two-photon absorption (TPA) cross-sections across the vis/NIR range, as well as
interesting excited-state absorption and Kerr dynamics. We have studied the nonlinear
optical properties of this series of constitutional isomers in an effort to link the Kerr
nonlinear dynamics as obtained by the birefringent DOKE polarization condition (See
Chapter 2) with the excited-state dynamics obtained by the dichroic DOKE polarization
condition. Furthermore, we have mapped out the two-photon absorption spectrum in
TPEBs with a tuneable-wavelength z-scan setup. The TPEB study comprises a large
collaboration between our group at the University of Alberta (DOKE, optical
characterization), Dr. Michael Haley’s group at the University of Oregon
(synthesis/characterization),[1,2] and Drs. Kenji Kamada and Koji Ohta at AIST in Japan
(z-scan, theory). I personally obtained the TPEB z-scan measurements reported herein
during a brief research stint at AIST in early 2006. The following chapter presents a full
description of results obtained from various ultrafast nonlinear-optical characterization
experiments conducted on the TPEB isomers. The nonlinear absorption dynamics and
two-photon absorption cross-sections measured at 800 nm with the DOKE setup have
been previously reported in an SPIE proceedings paper.[3] Linear spectroscopic
characterization, molecular orbital plots, and structural considerations have previously

been published by Professor Haley’s group.[1,2]
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5.2 Introduction

Conjugated molecules that utilize an arylated core are widely studied as advanced
functional materials for nonlinear optical applications. The majority of these compounds
(and oligomers), such as stilbene-,[4-7] fluorene-,[6,8-11] (p-phenylene)vinylene-
,18,12,13] diacetylene-,[14,15] and (p-phenylene)ethynylene-based chromophores,[16,17]
utilize a quasi-one-dimensional axis of conjugation. Recent studies have motivated the
investigation of two-dimensionally-conjugated motifs as promising materials for
nonlinear optics.[18-21] By extending conjugation in many directions, the delocalized
electron density and oscillator strength may be increased, without a corresponding
reduction in absorption energy.[22] Furthermore, both quadrupolar and octupolar
geometries are garnering support as design motifs for highly-efficient two-photon
absorbing chromophores. Thus, there has been a recent flurry of papers reporting on the
nonlinear optical response of various two-dimensional compounds that contain
conjugated arms substituted about a central benzene core.[3,18,20,23-25] Depending on
the substitution symmetry, such molecules range from dipolar, through quadrupolar, to
octupolar.[26]

Cross-shaped chromophores are two-dimensionally conjugated structures that
have received considerable attention for their usefulness towards studying the effects of
donor/acceptor substitution symmetry on (nonlinear)optical properties.[3,22,27-29]
Seminal collaborative work, led by Professor Francois Diederich of ETH Zurich, has
studied the contributions of ‘linear-’, ‘bent-’, and ‘cross-conjugated’ donor-acceptor
(D=>A) intramolecular charge transfer routes across an ethene bridge to the overall
molecular second hyperpolarizability, y. These studies on tetraethynylethene-based (TEE)
chromophores (see Fig. 5.1), have been recently, extended to measurements of two-
photon absorption.[28]

We endeavor to study the two-photon absorption spectra and nonlinear optical
dynamics in chromophores analogous to TEEs, but which contain a central benzene core,

as opposed to an ethene bridge. Our tetrakis(phenylethynyl)benzenes (TPEBs) are cross-
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shaped molecules with highly conjugated arms extending from a central benzene core,
affording them a (quasi)planar geometry (See Fig. 5.1). As illustrated in Fig. 5.1, the
TPEBs have conjugation schemes analogous to those in the TEEs, wherein donor -
acceptor paths can be either linearly-conjugated (para-linked), ‘bent-conjugated’ (ortho-
lined), or cross-conjugated (meta-linked). In the past, Diederich et al. established ¥
structure-property relationships with non-resonant third-harmonic generation (THG) and
degenerate four-wave mixing (DFWM) at one or two wavelengths; with the assumption
that the nonlinearities are minimally dispersive away from resonance.[22,27,29]
Furthermore, recent reports on the two-photon absorption activity of similar structures
were conducted at a single wavelength, and thus did not describe the TPA spectrum of
these systems.[28] The optical and nonlinear optical properties of TPEBs (and one-
dimensional analogues) are garnering considerable interest.[2,23,26,30-32] Currently, the
mechanism for charge-transfer between mera-lined arms are attracting attention, as meta-
linkages are expected to lead to electronic de-coupling in the ground-state.[31-35] The
comparatively large and long-lasting excited-state optical activity of some meta-linked
chromophores—otherwise known as the ‘meta-effect’—is drawing interest for various
light-emitting diode applications.[30] Despite this interest, a systematic study of the two-
photon absorption spectrum and nonlinear-optical dynamics in such systems has, to our
knowledge, never been achieved.

The conjugation motif of TPEBs is particularly advantageous for studying TPA in
highly-conjugated systems. By varying the peripheral donor/acceptor substitution
symmetry, constitutional isomers of various (multi)polar geometries may be created,
motivating studies of structure-property relationships between donor/acceptor
geometry/substitution and two-photon absorption: Early TPA studies showed that
incorporating strong donor (D) and/or acceptor (A) groups across a conjugated backbone
can lead to order-of-magnitude increases in the molecular two-photon cross-section,
o2 [36] Subsequently, other studies have looked to establish structure-property
relationships for donor-acceptor substitution symmetry, with most studies finding a D-n-
D scheme favorable to D-m-A.[6,37-39] Other studies, however, suggest an A-n-D
scheme as favorable to D-n-D.[40]
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TD-TPEB para-TPEB meta-TPEB ortho-TPEB

Figure 5.1. Conjugation routes and general structure of the studied tetrakis(phenylethynyl)benzenes
(TPEBs) and the analogous TEE and CEE motifs studied by other groups.[22,28] TD-TPEB and para-
TPEB are quadrupotlar and lack permanent dipole moments. meta-TPEB and ortho-TPEB are the dipolar
isomers of para-TPEB (dipoles are shown as gray-filled arrows). Conjugation in TEE type structures is
described in terms of three routes; (a) trans-conjugation (linear), (b) cis-conjugation (‘bent’), and (c)
geminal (coss-conjugation). Similarly, conjugation paths in TPEBs follow (a) linear conjugation (para-
linked), (b) bent-conjugation (ortho-linked), and (c) cross-conjugated (meta-linked).
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It has been shown that TPA in non-symmetric (dipolar) molecules differs
considerably from that in symmetric (quadrupolar, for example) systems that lack
permanent dipole moments.[38] Furthermore, whereas in dipolar systems two-photon
transitions follow the same selection rules as one-photon absorption (OPA), in
quadrupolar systems, direct one-photon and two-photon transitions are strictly
exclusive.[37,41] Thus, not only is the peak TPA cross-section differently described in
dipolar and quadrupolar systems, but they also display differing spectral characteristics.

Whereas recent studies have increasingly explored higher-dimensionality and
dendritic systems,[18,20,21,42] most studies have focused on quasi-one-dimensional
molecular architectures. Thus, studies that have attempted to draw conclusions about the
effect of donor-acceptor substitution on the TPA activity in linear conjugated molecules
have had to compare systems of disparate ground-state polarization. For example, several
studies have reported that the substitution of m-donors contributes more to o than -
acceptor substitution. As proof of this structure-property relationship, the higher peak
o@-values in D-n-D over D-n-A schemes are typically quoted.[6] However, while the
former arrangement is quadrupolar, the latter is dipolar, and thus their TPA activity may
have more to do with symmetry and ground-state polarization than with the direct
influence of D/A substitution. As illustrated in Fig. 5.1, TPEB geometry allows for
studies of both the effects of benzene-core substitution symmetry and (multi)polar
geometry on TPA activity. Specifically, in going from the all-donor TD-TPEB to the
para-TPEB, one can study the effect of introducing acceptors to an all-donor system,
while maintaining quadrupolar geometry. Additionally, comparisons between meta-
TPEB and ortho-TPEB can study the effects of linear-, bent-, and cross-conjugation
through a benzene core on TPA while maintaining dipolar geometry. In the following, we
present a study of the two-photon absorption spectra of TPEBs, as obtained by ultrafast z-
scan, in addition to femtosecond Kerr and excited-state dynamics measured with the

DOKE technique at a wavelength of 800 nm.
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5.3 Experimental

Z-scan measurements of TPEBs were conducted in dilute (11 mM) THF solutions. Open-
aperture z-scan experiments (see §1.3) were conducted at AIST in Japan on a well-
established setup, as detailed elsewhere.[43] For these measurements, amplified 800 nm
Ti:Sapphire laser pulses at a 1 kHz repetition rate were sent to an optical parametric
amplifier (OPA) for wavelength tunability. The OPA was used for the ranges of 580-750
nm and 855-1130 nm. For the 770-830 nm range, the mode-locked oscillator was tuned to
the appropriate wavelength, amplified, and sent directly to the sample; circumventing the
OPA. For each wavelength, the pulse duration was monitored and the
intensity/photodiode-voltage relationship was calibrated, thus allowing us to obtain
absolute TPA cross-sections, . Nonetheless, z-scan TPEB measurements were
iteratively compared to MPPBT [44] and/or 1,4-bis(p-dibutylaminostyryl)-2,5-
dimethoxybenzene, as a reference sample (compound 8 in Ref. 59). For each sample and
measurement, global fits to z-scan profiles were obtained at various intensities to
guarantee signal linearity and thus purity of the two-photon absorption process. The final
TPA spectra of all samples were compared and, when necessary, globally calibrated to
that of known MPPBT and 1,4-bis(p-dibutylaminostyryl)-2,5-dimethoxybenzene spectra.
The UV-vis spectrum of every sample was obtained before and after the z-scan
measurements to check for sample degradation. Slight degradation (<<1%, as observed
by UV-vis) was observed for the ortho-TPEB and TD-TEP samples over a period of two
weeks, but they displayed no perceptible change in TPA activity.

We also measured the (800 nm) ultrafast time-resolved nonlinearities in TPEBs
with the DOKE technique. DOKE measurements were conducted in dilute solutions (5
mM — 33 mM) of TPEB in THF. The standard DOKE protocol, as outlined in Chapter 2,
was followed. y-values are referenced to a pure THF sample (Yur=5.2x10""esu), and

d?P-values are relative to that of MPPBT (0" yppsr=380 GM; A=800 nm). Typical pump
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powers of 0.5-1.5 mW were used for the birefringent DOKE conditions, while pump
powers as high as 2.0 mW were used for the dichroic DOKE condition. Samples showed
good signal linearity at these powers and concentrations. Deviations from DOKE signal
linearity were observed at a concentration of 60 mM, possibly indicating photo-
degradation or aggregation effects. DOKE measurements were repeated numerous times
over a period of four years, and displayed extremely consistent results for sample
concentrations below 20 mM and pump powers at or below 2.0 mW.

In order to further investigate the relationship between TPA and OPA in the D/A
TPEB isomers, we conducted 400 nm pump-800 nm probe transient absorption (TA)
measurements. For transient absorption measurements, the intense (up to 9 mW) 800 nm
pump beam was used to generate up to 500 uW of second-harmonic 400 nm light in a 2
mm thick a-BBO crystal. The a-BBO crystal was not optimized for second-harmonic
generation at 800 nm, and had to be rotated three-dimensionally to find the maximum
generation condition. For TA experiments, 230 uW of the 400 nm light was used as an
absorbing pump beam. Transient absorption was measured with the standard DOKE 800

nm probe beam detected at the pump chopping frequency, by monitoring modulation of

the total 4-B signal.
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5.4 Results and Discussion

Two-Photon Absorption Spectra: The z-scan-obtained TPA spectra of the four TPEBs
are shown in Fig 5.2, overlaid with their one-photon UV-vis spectrum, and actual
absorption at the experimental conditions. In all four samples a TPA peak is resolved in
the 600-1100 nm range. The tetra-donor sample, TD-TPEB, displays the largest peak
cross section, 0‘?=520+30 GM, while para-TPEB has the lowest, at 0P=240+20 GM.
The dipolar samples, meta-TPEB and ortho-TPEB show very similar TPA spectra,
while the quadrupolar samples, TD-TPEB and para-TPEB show unique spectra. meta-
TPEB and ortho-TEP have nearly identical cross-section peak values of o®=400+20
GM, and 440+20 GM, respectively. As discussed in Chapter 1, in the simplest
approximation, the TPA peak in dipolar molecules which have a one-photon absorption
(OPA) spectrum that is dominated by a single low-energy absorption are often described

by a two-level model,[5] given by Eqn. 1.7:

2
o L M, e‘/‘g)z
Sn’c’eyh r

; 1.7

2—-level ™
ge

where L* is the local-field factor; s, Hg, and My, are the dipole in the two-photon state,
the dipole in the ground state, and the transition dipole between the two states,
respectively; and T'g. is the transition linewidth (see §1.2). Because of structural
asymmetry, TPA in dipolar molecules may occur to the lowest-lying one-photon level,
and thus the two-photon spectrum often follows that of the one-photon spectrum (or UV-
vis spectrum).[38,45] Indeed, we see that the TPA spectrum of both meta-TPEB and
ortho-TPEB follow closely the rise and lowest peak of the OPA spectrum at the same
photon sum energy. In the case of the dipolar TPEBs, a claim that the UV-vis spectrum is
dominated by a single low-energy absorption is tenuous. Thus, past the low-energy TPA
peak (and OPA peak), the TPA spectrum no longer follows that of the OPA spectrum.
This is probably due to coupling to higher excited states,[41] and is not unexpected.
Related to this coupling is a sharp upturn in the TPA spectrum at higher energies, as the
photon-energy approaches that of the absorption edge, as can be seen in Fig. 5.2.

Specifically, for the wavelength of 580 nm, there is very little residual one-photon
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absorption, but o increases dramatically. This effect has been reported by others for
symmetric systems, and is generally referred to as ‘double resonance’ (see §1.2). Double
resonance involves tuning the photon energy to a one-photon level that acts as a virtual
level, and is typically attributed to the two-photon Term IIl in Eqn. 1.5. As mentioned in
Chap. 1, and reiterated below, Term III is dominant in symmetric system in which two-
photon transitions are exclusive of one-photon transitions. Because dipolar molecules
such as meta-TPEB and ortho-TPEB are unrestricted by this selection rule, while Term
II (in Egn. 1.5) usually describes the low-energy TPA peak, it is possible for Term III to
significantly contribute to TPA activity in the higher-energy region.[5] The fact remains
that double-resonance is a phenomenon that is typically observed/predicted in symmetric
systems,[11,44,46] and that the observed o®-enhancement as the absorption edge is
approached in meta-TPEB and ortho- TPEB may be among the first reported examples
of double-resonance in dipolar systems. Further resolution of this feature is hindered by
the onset of linear sample absorption that prevents accurate measurements of TPA
activity.

Unlike the case for dipolar systems, the low-energy TPA spectra in the
quadrupolar TD-TPEB and para-TPEB are considerably blue-shifted with respect to
their OPA spectra. In these molecules, the lowest one-photon transition is two-photon
allowed, and vice versa. Standard energy level alternacy typically has the ground state as
gerade (14g) followed by an ungerade excited-state (1B,) and a higher gerade (24g)
level,[47-49] as discussed in Chapter 1. A simple three-level model, that describes a
gerade-gerade TPA transition that is mediated by an wngerade intermediate level, is
typically utilized to describe the low-energy TPA peak in quadrupolar systems. As
described in Chapter 1 and in the preceding paragraphs, this three-level model arises
through the assumption that Term III in Eqn 1.5 dominates over terms involving linear

absorption and (the absent) permanent dipole moments. Peak 0@ values in the three-level

model are described by Eqn. 1.8:

2 . L (Ee‘ —Eg )2 M:’EM:"'
3—level ~ 5n20250h [2(E _Eg _(Ee' _Eg)]ZF

€

1.8

The lowest-energy TPA peak in para-TPEB is found between the two lowest

one-photon-allowed peaks, indicating that 4;-B,-4, alternacy is maintained. This spectral
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peak is assumed to correspond to the HOMO - LLUMO+1 transition, and is thus well
described by the three-level model. In the case of the all-donor TD-TPEB the situation is
more ambiguous: The lowest-energy TPA peak is found blue shifted with respect to the
two (or three)[50] lowest OPA peaks.

Analysis of the TPEB frontier molecular orbital maps, shown in Figs. 5.3-5.6,
may explain the unusually large blue-shift in the TPA spectrum of TD-TPEB:[2] para-
TPEB is of Cy, symmetry, and thus allows for some two-photon transitions within the
HOMO-1, HOMO, LUMO, and LUMO++1 orbitals. TD-TPEB, on the other hand, is of
Dy, symmetry, and no TPA paths are allowed within these lowest-lying orbitals.[51]
Thus, a simple three-state model is insufficient for describing TPA in TD-TPEB.
Recently published theoretical studies of TPA in TPEBs have also identified the
importance of TPA transitions to high-lying levels, but have not identified any TPA
resonances in wavelengths greater than 520 nm.[23] Our results are in clear disagreement
with this prediction, as both chromophores display a continuum of two-photon absorption
commencing at approximately 900 nm, with large cross-section peaks in the near-IR.
Overall, the all-donor species shows the higher cross-section of the two, with a peak
cross-section that is more than twice the size of that in para-TPEB.

As in the case for dipolar meta-TPEB and ortho-TPEB, double resonance is
observed in quadrupolar TD-TPEB and para-TPEB. This double resonance is
particularly strong in para-TPEB, for which ¢ increases six-fold over a 70 nm spectral
range, as can be seen in Fig. 5.2. By a wavelength of 580 nm, para-TPEB already
displays the largest two-photon absorption of any studied TPEB, while still exhibiting the
lowest residual one-photon absorption. This upturn in the TPA spectrum is extremely
sharp, paralleling the steep absorption edge displayed by the solution at the experimental
concentration (shown as hatched gray in Fig. 5.2).

Transition- and Permanent-Dipole Moments in TPEBs: The quantitative theoretical
description of TPA in molecular systems according to Eqns. 1.7 and 1.8 requires
knowledge of the transition dipole moments M,, and M.... As was described in Chapter 1,

the transition dipole moment is given by Eqn. 1.5: [15,40,52]

Mo = (m| 11| my=—e [y, (I, (Ddr = e [rp,,_, [r T 15
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Figure 5.2: Two-photon absorption spectra of TPEBs (bottom and left axes). The UV-vis spectrum is
overlaid (top and right axes) to match the same total photon energy with TPA. Also included is the sample
absorption at experimental concentration (bottom & right axes). (a) dipolar meta-TPEB; (b) dipolar ortho-
TPEB; (¢) quadrupolar TD-TPEB; (d) quadrupolar para-TPEB.

Thus, a transition dipole moment may be considered a spatial integral of a transition
density map, ;m_m (;), where this density map is a product of the wavefunctions of the m
and n states between which the transition takes place. Typically, ;m% (;) and M .. are
calculated by the intermediate neglect of differential overlap (INDO) approximation.[15]
In the absence of a rigorous calculation, we have used TPEB molecular orbital maps
(wavefunctions) to sketch a qualitatively instructive picture of the transition density for
each transition between the HOMO-1 and LUMO+1.[53] In the same way that the
molecular orbital maps shown in Figs. 5.3-5.6 provide an indication of the magnitude and

direction of permanent dipole moments, the transition density maps (also shown in Figs.
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5.3-5.6) provide a glimpse towards the magnitude and direction of the transition dipole
moments that contribute to TPA in TPEBs.

Figure 5.3 presents the molecular orbital plots (for HOMO-1 through to
LUMO+1)[2] and transition density maps for TD-TPEB. The symmetry of the orbital
plots in TD-TPEB indicates that there are no permanent dipole moments at any of these
energy levels, consistent with the centro-symmetry of this molecule. Furthermore, there is
not expected to be any transition dipole moment for either the HOMO-1->HOMO or the
LUMO-LUMO-+1 transitions. Thus, none of these energy levels may be expected to
contribute to TPA in TD-TPEB according to either Eqns. 1.7 or 1.8. Figure 5.6 presents
the orbital and transition density plots for para-TPEB. As in the case for TD-TPEB,
para-TPEB is centrosymmetric, and does not possess any permanent dipole moments.
Unlike TD-TPEB, however, para-TPEB does possess transition dipole moments for all
three of the lowest transitions. While the HOMO->LUMO transition moment is relatively
small, the LUMO-> LUMO+!1 (and HOMO-1->HOMO) transition displays large
transition density. Overall, however, the two transition dipole moments are oriented at
approximately 60° to each other, thus somewhat diminishing their interaction, as
described in Chapter 1.

Figures 5.4 and 5.5 present the respective orbital and transition density maps for
meta-TPEB and ortho-TPEB. Both samples display relatively large dipole moments,
with values of 11.1 D and 14.9 D (in the ground state), respectively.[54] From the LUMO
orbital maps, the dipoles are seen to be in the opposite direction to those in the HOMO,
thereby indicating a very large dipole moment differences, g, \ o -#4 o The transition
density maps indicate a small My, ... o for ortho-TPEB, and a larger one for meta-
TPEB. The two-level model of TPA in dipolar systems, is consistent with these plots for
explaining the similarities in the TPA spectra between these two chromophores. Slightly
larger dipole moments are compensated for by slightly a smaller transition dipole
moment in ortho-TPEB, as compared with meta-TPEB, thereby indicating a similar
peak oP-value. As indicated in Fig. 5.4, M v0siumo @4 M) o) uvos are orthogonal
in meta-TPEB. The relative alignment of transition dipoles in meta-TPEB may help

explain some of the observed Kerr and ESA dynamics in these systems, as obtained by
DOKE.
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- __ ___ _______ ___ ___________ _____ _________ __ __ _____ __ ______________ _ ________ ___ _____ |
Amax1(€1) Amax2(€2) 0P Mpea) 4 SYmM. yyyy Decay Decay Decay
@800nm Rates, Rates, Rates,

Kerr NLA TA

nm (mol'emL) nm (mol''em’'L) GM (nm) D ps ps ps

TD-TPEB 373 (119,500) 414 (94,300) 520+30 (710) O Dy, 670+60 4.4,350 9,306 N.M.
meta-TPEB 325 (72,800) 426 (50,100) 40020 (940) 113  C,  -450£100 27,24 21,21 2,225
ortho-TPEB 323 (61,800) 417 (45,200) 440+20 (860) 149 C,  -600+150 1.6,32  3.5,39 29,36
para-TPEB 379 (90,100) 466 (15,000) 240420 (750) 0 Cy  -100£150 1.2,215 1,305 1.6,21

]

Table 5.1. Summary of optical and nonlinear optical parameters in TPEBs. Decay rates are obtained from bi-exponential fits of Eqn. 5.1. Underlined
are rise times, as opposed to decay times. »Values obtained at a wavelength of 800 nm are presented relative to that of the solvent THEF;

Yor=5.2x10"7esu. Apa are the wavelengths of the lowest energy peaks in the peak one-photon absorption spectra; & is the molar absorptivity
corresponding at the peak. N.M, not measured.
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Figure 5.3. [colour]
Molecular orbital and
transition density maps of the
lowest lying states/transitions
in TD-TPEB. Molecular
orbital maps were calculated
with Gaussian 98 at the
B3LYP/6-31G* level of
DFT, by Haley et al[2]
Transition density maps were
sketched by hand by
overlapping the appropriate
MO maps. Within each map,
the two different colors
represent different phases of
the wavefunction /transition
density. A net transition
dipole is denoted with a black
arrow on the transition
density maps.

Figure 54. [colour]
Molecular orbital and
transition density maps of the
lowest lying states/transitions
m  meta-TPEB. Molecular
orbital maps were calculated
with Gaussian 98 at the
B3LYP/6-31G* level of
DFT, by Haley er al[2]
Transition density maps were
sketched by hand by
overlapping the appropriate
MO maps. Within each map,
the two different colors
represent different phases of
the wavefunction /transition
density. A net ftransition
dipole is denoted with a
black arrow on the transition
density maps.
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Figure 5.5. [colour]
Molecular orbital and
transition density maps of the
lowest lying states/transitions
in  ortho-TPEB. Molecular
orbital maps were calculated
with Gaussian 98 at the
B3LYP/6-31G* level of DFT,
by Haley et al[2] Transition
density maps were sketched
by hand by overlapping the
appropriate MO maps. Within
each map, the two different
colors represent  different
phases of the wavefunction
/transition  density. A net
transition dipole is denoted
with a black arrow on the
transition density maps.

Figure 5.6. [colour]
Molecular  orbital and
transition density maps of the
lowest lying states/transitions
in para-TPEB. Molecular
orbital maps were calculated
with Gaussian 98 at the
B3LYP/6-31G* level of
DFT, by Haley er al[2]
Transition density maps were
sketched by hand by
overlapping the appropriate
MO maps. Within each map,
the two different colors
represent different phases of
the wavefunction /transition
density. A net transition
dipole is denoted with a
black arrow on the transition
density maps.
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DOKE-Obtained Nonlinear Absorption Dynamics at 800 nm: The time-resolved
nonlinear absorption dynamics of the TPEB series are presented in Fig. 5.7. All four
samples display an instantaneous nonlinear absorption component that closely follows the
cross-correlation of the 800 nm pump and probe pulses. This component is attributed to
two-photon absorption in which one photon is absorbed from each of the pump and probe
beams. At 800 nm, ortho-TPEB displays the largest TPA of the four samples. para-
TPEB and meta-TPEB show relatively similar responses, which are approximately 60%
that of ortho-TPEB. TD-TPEB shows the lowest TPA at this wavelength, with a cross-
section that is =35% that of ortho-TPEB. It should be noted that with the exception of
para-TPEB, for which 800 nm is very near the TPA maximum, for all three other
TPEBs, 800 nm lies in a strongly dispersive range of the two-photon absorption
spectrum, and thus changes (uncertainties) in laser wavelength can lead to significant
changes in the measured o/”-values. With this in mind, these DOKE-obtained values are
consistent with those obtained by z-scan at 800 nm, as are presented in Fig. 5.2.

In all four samples, TPA gives way to long-lasting excited-state absorption
(ESA) dynamics, in which TPA from the pump beam is followed by single-photon
absorption from the probe beam, as described in §2.3. Fig. 5.8 presents NLA dynamics

in a semi-log scale fitted to bi-exponential rate-equations of the form
S(t)=a+be™"'" +ce'™, 5.1

where S(7) is the amplitude of the measured response (tanh¢’’). For all traces in Fig. 5.8,
the fits required no offset (a = 0), and included probe delay times longer than 1.5 ps—to
avoid any convolution with the TPA response. In the two dipolar species, ortho-TPEB
and meta-TPEB, there is a rise to an absorbing state that is relatively well separated from
the initial TPA transition. A smaller and less-well resolved rise is observed in para-
TPEB. In TD-TPEB, however, a separate rise to an absorbing excited-state is not
observed, but ESA in this quadrupolar species is considerably larger than in its D/A
counterpart, para-TPEB. For the three D-A isomers, the longer-lasting decays are
relatively similar among the three samples, showing rates of 20-40 ps. In TD-TPEB,

after an initial 9 ps decay, long-lasting residual absorption is observed ( zyecay~300 ps) that
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decays with a time considerably longer than the measured range. In general, time-
resolved dichroism measurements are sensitive to a host of electronic, solvent and solute
dynamics.[55-57] In many cases, the various relaxation mechanism can often be
elucidated based on the timescale with which they take place, and in their dependence on
temperature/viscosity. As Zhang and Berg have shown in a series of papers on the
absorption anisotropy measurements on anthracene in phenol, inertial dynamics on the
100 fs scale are followed by sub-picosecond solvation dynamics, and sub-nanosecond re-
orientational diffusion.[55-57] In the case of D/A TPEBs, the ESA peaks at 4-9 ps after
the primary TPA excitation are an interesting feature. These peaks represent a
transition/relaxation from the TPA state to a lower-energy state from which absorption of
800 nm light can take place. Typically, intraband electronic relaxations would be
expected to manifest at times below 100 fs. A slow ps timescale relaxation may indicate
an interband transition. The fact that this feature is only observed in the D/A TPEBs, and
is most prominent in the dipolar species, may indicate that this peak represents a
relaxation to a solvent-stabilized excited-state with lower energy, as is schematically
represented in Fig 5.9. In this case, absorption from the ground-state with ground-state
solvation geometry (So) takes place to a TPA state with ground-state solvation geometry.
This excited-state (S;) can relax to a state with appropriate solvation geometry and lower-
energy (S;").[58] Whereas in the non-polar para-TPEB this appears to occur quickly—
within a fitted time of approx. 1 ps—in the dipolar meta-TPEB and ortho-TPEB this
seems to occurs in 2.1 ps and 3.5 ps, respectively. Other studies that have looked at meta-
and para-substituted donor-n-acceptor paths in bis(ethynyl)benzenes, have reported
absorption to a neutral excited state that relaxes to an twisted intramolecular charge
transfer (TICT) state. These systems have shown donor-to-acceptor electron transfer
times of 4.5-5.5 ps,[30] in good agreement with our reported rise-times in the similarly-
structured D/A TPEBs. As mentioned, the TD-TPEB sample shows both much longer
ESA lifetimes and an apparent absence of picosecond timescale solvation dynamics. This
may be linked to the fact that the tetra-donor sample has been shown to display much

higher fluorescent activity than the other TPEBs.[2]
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Figure 5.7. [colour] Dichroic DOKE condition measurements of TPEBs. (a) The ultrafast response that is
centered about a probe delay time of zero represents the two-photon absorption process. The individual
data points of the TD-TPEB trace are displayed to indicate the temporal resolution used. (b) The
instantaneous TPA process gives way to long-lasting excited-state absorption dynamics. The donor-
accepetor isomers show a rise and peak, corresponding to the population of the excited-state from which
exponential-rate depopulation takes place.
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Figure 5.8. [colour] Two-photon-accessed excited-state absorption decays fit to a bi-exponential form
(probe delay times >1.5 ps). None of the fits (solid lines) required an offset (term « in Eqn. 5.1).
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Figure 5.9. A simple model to account for the observed excited-state dynamics in Donor-Acceptor TPEBs.
S, is the ground electronic state. State S, is the two-photon electronic state with the solvation geometry of
the ground state. State S, is the relaxed two-photon state with appropriate solvation geometry.

400 nm Pump-800 nm Probe Transient Absorption Dynamics: The investigated
TPEBs have their low-energy one-photon absorption peak in the vicinity of 400 nm, and
thus show strong absorption at this wavelength. The transient-absorption (TA) of 800 nm
probe light subsequent to 400 nm pump absorption is shown in Fig. 5.10 for the D-A
TPEB species. Transient absorption in TD-TPEB was not investigated due to the low
availability of this sample at the time. As seen in Fig. 5.10, all three donor-acceptor
samples show some level of long-lasting excited-state absorption. These traces are similar
to those obtained by two-photon excitation at 800 nm, as discussed above. A rise to a
temporally-distinct level is observed in all three samples, but is clearest in ortho-TPEB.
As in the case of 800 nm-pumped NLA (Fig. 5.8), the TA signals shown in Fig. 5.10
were fit to the form of Eqn. 5.1. For ortho-TPEB and meta-TPEB, the same rise and
decay times were found as for those excited by TPA. ortho-TPEB shows a 2.9 ps rise
followed by a 35.5 ps exponential decay. mefa-TPEB shows a 1.5 ps rise followed by a
22.5 ps exponential decay. Compared with the decay dynamics observed from 800 nm-
pumped TPA state, para-TPEB shows a slightly lower decay rate of 21 ps from the 400
nm-pumped excited-state. Again, the 400 nm-excited transient absorption peaks observed
between 2-10 ps in these chromophores are consistent with the aforementioned findings
by Thompson et al., for the approximate charge transfer rate in the excited-state of
molecules with similar D-> A conjugation paths.[30]
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Figure 5.10. 400 nm pump-800 nm probe transient absorption signals of donor-acceptor TPEB isomers.
After the initial excitation (a), a rise to another absorbing excited-state is observed (b) and is especially well
resolved in the ortho-TPEB sample. (b) Fits to a bi-exponential form (solid lines) required a finite (but
very small) offset a in Eqn. 5.1. Signals are normalized to the peak absorption value of 1. Decay dynamics
are: para-TPEB, 7;=1.6 ps (rise), =21 ps (decay); meta-TPEB, 71=2 ps (rise), =22.5 ps (decay); ortho-
TPEB, 7,=2.9 ps (rise), %=35.6 ps (decay).

The similarities between the one-photon- and two-photon-pumped transient
absorption dynamics in the dipolar molecules provide further confirmation that TPA and
OPA is occurring to the same state in both ortho-TPEB and meta-TPEB. Furthermore,
the indication is that the relaxation dynamics from these systems are not governed by the
primary excitation process—a finding that is not unexpected. In para-TPEB, the
differences in the secondary (20-30 ps) relaxation times may be a consequence of the fact
that, in this sample, TPA does not take place into the lowest OPA level. Thus, it is
possible that the 400 nm one-photon-pumped chromophore and the 800 nm two-photon-

pumped chromophore have different relaxation routes and dynamics.

Kerr Nonlinearities and Excited-State Birefringence Dynamics: We have measured
the birefringent nonlinearities in TPEBs at 800 nm using the birefringent DOKE
polarization condition, as described in Chapter 2. All of the TPEB samples display an
instantaneous response that follows the pump-probe cross-correlation response, and
which is attributed to the ultrafast electronic (Kerr) nonlinearities. As in the case of the

nonlinear absorption response measured with the dichroic DOKE polarization condition,
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the instantaneous component gives way to a small but long-lasting response. The Kerr
response of solutions of TD-TPEB in THF is slightly higher than that of the pure THF
solvent; representing a positive nonlinearity. In the D/A TPEBs, however, the DOKE
response is lower than that of the THF solvent; indicating a negative yvalue at 800 nm.
As described in Chapter 2 and Eqn. 2.5, the solvent and solute nonlinearities are additive.
Thus, to better elucidate the birefringent dynamics in the TPEB samples, the solvent-
subtracted response is studied, as shown in Figure 5.11. For a robust analysis, however,
values are obtained from the instantaneous peak of the full solution response, rather than
the solvent-subtracted response. This is because a manual subtraction of the externally-
obtained solvent response invariably distorts the temporal signal profiles in the vicinity of
the peak, as is observed in the subtracted responses of Figure 5.11. At times larger than a
few pulse-lengths, these effects become minimal, and the birefringence dynamics of the

solutes are elucidated, as shown in Fig. 5.12.
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Figure 5.11. Refractive DOKE polarization condition TPEB scans—THF solvent response removed.
Responses are ultrafast about a the probe’s arrival time and represent the ultrafast electronic Kerr response.
The subtraction of externally-obtained THF response introduces slight time-shifts and artifacts around the
peak. TD-TPEB—shown with individual data points to illustrate scan resolution—is the only sample that
shows a positive y value at 800 nm. para-TPEB displays the lowest response.
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In the vicinity of a strong TPA resonance, the real-component of the nonlinearity
becomes very dispersive and follows the dispersive shape of the index of refraction.
Unlike the index of refraction, which typically remains positive through the resonance, y
rises to a positive peak at the low-energy side of the absorption, and then becomes
negative near the high-energy side of the resonance.[59-61] At the resonant wavelength, ¥
is zero. A comparison of the spectral position of the TPA peaks in the TPEB samples
(Fig. 5.2) shows that 800 nm lies is on the low-energy side of the TPA peak in TD-
TPEB; while it is on the high-energy side in ortho-TPEB and meta-TPEB. In para-
TPEB, the TPA peak is resonant with 800 nm. Thus, the sign of the nonlinearities
presented in Fig. 5.11 are consistent with this picture: TD-TPEB shows a positive
nonlinearity of y=(670+60)yiur;  ortho-TPEB and meta-TPEB show negative
nonlinearities of y=(-600+150)yrur and y=(-450+100) yrur, respectively; and para-TPEB
shows the lowest-magnitude nonlinearity of y=(-100+150)sye. The uncertainty in the
size of the nonlinearity in para-TPEB arises from the fact that although for most scans
this sample displayed a small negative nonlinearity, there were some scans where the
response was slightly positive or even zero. Again, this is consistent with the idea that the
nonlinearities can be expected to nullify in the vicinity of a TPA resonance, and the fact
that our nominal 800 nm pulses have a bandwidth that extends through the resonance.
The uncertainties in the yvalues of the other TPEBs are also quite large and arise from
the large spread of values obtained in the course of approximately a dozen experiments.
Thus, the response shown in Fig. 5.11 represents the responses from one particular
experiment, and while it does not strictly follow the trend in j~values reported above, it
does agree with these values within our reported uncertainty.

The long-lasting induced birefringence dynamics are an interesting feature of the
NLO response of TPEBs at 800 nm: As seen in Fig. 5.12, the ultrafast electronic Kerr
response gives way to small but long-lasting pump-induced birefringence. In the case of
ortho-TPEB, para-TPEB, and TD-TPEB, the excited-state nonlinearity is of the same
sign as the instantaneous y-value. Specifically, TD-TPEB shows a positive long-lasting
birefringence that decays exponentially with 7=350 ps, ortho-TPEB displays a negative

birefringence that peaks at =2 ps and then decays exponentially with =32 ps, and para-
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TPEB displays a smaller negative birefringence that peaks at =5 ps and then decays
exponentially with 7=21.5 ps. In meta-TPEB, on the other hand, the initially negative
ultrafast response crosses over and gives way to a positive excited-state birefringent
nonlinearity, peaking at approximately 10 ps and decaying exponentially with =24 ps.
These decay times are in good agreement with those obtained by the dichroic DOKE
condition (Fig. 5.8) and those obtained by 400 nm-pump TA, indicating that the long-
lasting Kerr response is due to birefringence of the same excited-states. The curious sign
change in meta-TPEB can be linked to the relative orientation between the
HOMO->LUMO and LUMO->LUMO+1 transition dipoles. As discussed in Chapter 2,
the linearly polarized pump pulse induces anisotropy in the sample, modifying the index
of refraction parallel and perpendicular to the polarization axis. This birefringence (4n,, -
Any) gives rise to the Kerr response in the birefringent DOKE polarization condition. In

meta-TPEB pumped at 800 nm, the ultrafast negative response involves M\ .-\ o

For the excited-state birefringence, the optical nonlinearity involves M, .o ..

However, as indicated in Fig. 5.4, My, 0 oand M| o 0. are orthogonal in
meta-TPEB. Thus, if a negative nonlinearity represents 4n,<4n, for a given transition,
it seems reasonable to conjecture that 4n, >An, in a subsequent transition for which
transition density shifts by 90°, and thus the measured nonlinearities would become
positive. Thus, we believe this to be the source of the sign change in the excited-state
birefringent nonlinearities of merta-TPEB. Since this proposed mechanism depends on
well-defined molecular orientation, its measurement would be complicated by re-
orientational dephasing times.[55] Whereas small molecules (such as CS,) can display
relatively short (=0.5-5 ps) re-orientational times,[62] TPEBs are much larger rotors, and
would be expected to display characteristic re-orientational times in the order of a few
hundred picoseconds. Thus, electronic depopulation of the excited-state observed in
meta-TPEB is short compared to the dephasing time, and is primarily monoexponential.
The possibility of a sample to display refractive nonlinearities of a given sign on peak
and of the opposite side in the excited-state is not new, and has been previously shown

(indirectly) by non-time-resolved measurements.[63]
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Figure 5.12. [colour] Induced birefringence dynamics fit to a bi-exponential form (solid lines; prode delay
times >1.5 ps). A very small offset of |a| < 0.00015 was required to fit the signals of meta-TPEB and
ortho-TPEB. Whereas all other samples display ultrafast and long-lasting nonlinearities of the same sign,
meta-TPEB shows a switch in the sign of the birefringent nonlinearity; a negative on-peak electronic Kerr
nonlinearity becomes a positive excited-state birefringent nonlinearity. The decay dynamics obtained from
the fits are: TD-TPEB, ;= 4.4 ps, =350 ps; meta-TPEB, 7;=2.7 ps (tise), 7,=24 ps; ortho-TPEB, ;=1.6
ps (rise), =32 ps; para-TPEB, 1,=1.2 ps (rise), =21.5 ps.

Two-Photon Absorption Structure-to-Property Relations: As discussed in Chapter 1,
there is growing evidence that in donor/acceptor-substituted conjugated systems, donor
substitution impacts ¢® more than acceptor substitution.[6,36] This effect has been
shown to be especially strong in molecules that have an aromatic core that can act as a
weak acceptor.[64] Comparisons between the TPA spectra of para-TPEB and TD-TPEB
provide further evidence for the validity of this structure-property relation. The all-donor
substituted TD-TEP displays a peak cross-section that is more than twice that of the
D/A-substituted para-TEP. This finding is significant: whereas experiments that look to
study the effects of D-n-D vs. D-m-A substitution by using linear chromophores
invariably compare TPA between molecules of different polar/multipolar geometry, the
2-D conjugation scheme in TPEBs can provide a comparison between chromophores of
the same polarization (quadrupolar, in this case). Considering the benzene core to act as
the dominant m-electron accepting region in TD-TPEB, this molecule has two large D-n-

A-n-D arms (para-linked donor arms). On the other hand, the dominant n-clectron
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accepting region in para-TPEB resides in the region of the NO, moiety, and although
this chromophore then has longer D> A conjugated paths than in TD-TPEB, it only has
two “bent conjugation” paths and two “cross~-conjugated” paths. On the other hand,
meta-TPEB and ortho-TPEB both have long para-linked D> A paths, yet they also
show smaller TPA activity than the all-donor sample. Thus, our finding that the all-donor
TD-TPEB species shows the largest TPA of all of the measured TPEBs confirms that
donor substitution impacts o® more than acceptor substitution, especially for
chromophores with an aromatic center.

Another structure-property relation that is hotly debated in the literature is the
comparison between peak TPA activity in dipolar and multipolar molecules.
[6,18,20,37,38] Whereas most studies find quadrupolar geometry to be favourable to
dipolar geometry, [6,37,38] our finding show the opposite trend: Among the three
structural isomers, the dipolar molecules (meta-TPEB and ortho-TPEB) display similar
peak oP-values that are nearly twice as large as that of the quadrupolar species (para-
TPEB). Once again, in order to compare dipolar and quadrupolar molecules, most
studies have relied on comparisons of molecules which, structurally, are significantly
dissimilar. With the cross-shape of the TPEBs, we are able to examine this structure-
property relationship by comparing isomers of very similar shape, but of differing
polarization geometry.

We would be remiss to claim that our findings indicate that dipolar geometry is
superior to quadrupolar geometry. Rather, the TPA behaviour of the TPEBs provides a
good example how the details of molecular two-photon absorption depend on specific
structural designs. For example, it is likely that TPA in meta-TPEB and ortho-TPEB is
largely dominated by the para-linked D> A paths, and thus, despite having differing
alternate D> A conjugated routes, the two molecules show a similar response. para-
TPEB, on the other hand lacks the linear, para-linked, D-> A path, and can only utilize
the aforementioned alternate ‘bent’ and ‘cross-conjugated’ routes. This suggestion is
consistent with the reported effects of the various conjugation routes in TEEs, where the
quasi-linear trans-conjugation was found to dominate that of cross- and the ‘bent’ cis-

conjugation.[28] This has also been previously argued for the case of TPEBs based on

trends in the UV-vis spectra.[2]
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5.5 Summary

We studied the third-order refractive and absorptive nonlinearities of a two-
dimensionally-conjugated series of four tetrakis(phenylethynyl)benzene derivatives. In
one species, TD-TPEB, all four arms are terminated with NBu, donor groups. The other
three molecules form a set of structural isomers in which the conjugated arms are
terminated with two NO, acceptor and two NBu, donor groups. These compounds are
named according to the respective donor-arm linkages across the central benzene ring;
forming ortho-TPEB, meta-TPEB and para-TPEB. TD-TPEB and para-TPEB are both
quadrupolar, and therefore lack permanent dipole moments. ortho-TPEB and meta-
TPEB are dipolar.

We used femtosecond z-scan measurements to obtain the two-photon absorption
spectra, and found the low-energy o' peak of the four TPEBs. We also used the DOKE
technique to time-resolve both the refractive and absorptive nonlinearities of these
samples at 800 nm. Finally, we conducted 400 nm pump-800 nm probe transient
absorption measurements, resolving the one-photon-accessed excited-state dynamics in
these chromophores.

From the z-scan measurements, we find that the all-donor sample shows the
highest peak TPA cross section, with ¢” = 520+30 GM at a wavelength of 710 nm. The
total energy of transition at the TPA peak is significantly blue-shifted with respect to the
one-photon spectrum. This, together with the molecular symmetry suggests that two-
photon transitions to a level higher than LUMO+1 are taking place. The dipolar samples
ortho-TPEB and meta-TPEB display similar TPA spectra that closely follow the lowest
one-photon absorption (in total photon energy), as would be expected in dipolar
molecules. meta-TPEB and ortho-TPEB yield 0'® = 440420 GM at 940 nm, and 40020

GM at 860 nm, respectively. The similarity in peak o'P-value between these two samples
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may arise from the fact that, whereas the ortho-TPEB has a slightly larger permanent
dipole moment, meta-TPEB has a slightly larger HOMO—->LUMO transition dipole
moment, and both molecules have very similar UV-vis spectra. Like TD-TPEB, para-
TPEB is quadrupolar, and thus shows a blue-shifted TPA spectrum. This sample,
however, yields the lowest overall cross-section maximum, with 0P=240+£20 GM at 750
nm—nearly half that of the other TPEB samples. These findings help to support the
growing belief that adding multiple donor groups at the end of conjugated paths
significantly increases TPA activity as compared to adding both donors and acceptors.
Furthermore, comparisons between our dipolar and quadrupolar D/A molecules shows
that in the case of TPEBs, the dipolar motif yields higher o'® than a quadrupolar
substitution symmetry. This is probably due to a lack of the desirable para-conjugated
D->A routes in the quadrupolar species.

Pump-probe measurements show that all of the TPEBs display both excited-state
absorption and excited-state birefringence at 800 nm. With the exception of TD-TPEB,
the three isomers show a clear 1-5 ps decay time from the two-photon state to the excited-
state from which subsequent 800 nm probe-beam absorption takes place. Absorption
from this excited-state is then seen to decay exponentially, with 20-40 ps time scales. The
decay times observed in both the birefringent and dichroic signals are similar.
Furthermore, these decay rates are consistent with those observed from one-photon
pumped transient absorption measurements, indicating that the same excited-state
dominates in samples pumped by either two-photon- or one-photon-absorption. Excited-
state absorption is also present in TD-TPEB, and is seen to decay with a much longer
time constant of =300 ps.

The third-order molecular hyperpolarizability, y, of TPEBs was measured with the
DOKE technique at 800 nm. The sign of the nonlinearity was found to correlate to the
spectral position of the two-photon resonance: TD-TPEB, for which 8§00 nm is on the

low-energy side of the TPA ftransition, yields the positive, and relatively large,[65]
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y=670£60yryr. In meta-TPEB and ortho-TPEB, 800 nm lies on the high-energy side of
the TPA transition, and these samples display a negative nonlinearity, with
7=—450£100yrur and y=—600£150yrur, respectively. In para-TPEB, the two-photon
transition is resonant with 800 nm, and this sample displays a smali (but zero within
error) negative nonlinearity, y=—100+150y1ug.

In conclusion, TPEBs are excellent two-dimensionally-conjugated systems for
investigating both the effects of polar/multipolar geometry and donor-acceptor
substitution patterns on nonlinear optical properties. Such structure-to-property
relationships are needed for guiding the future design of advanced conjugated materials
toward use in technological applications. In this study we have shown that it is not true
that, all things being equal, quadrupolar geometry is superior to dipolar geometry for
maximizing TPA. Furthermore, we have shown that the nonlinear optical activity of
molecules with a central benzene core are dependent on the specifics of their structural
design, wherein small changes within our series of TPEB isomers lead to significant

differences in their Kerr and nonlinear absorption response.
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CHAPTER 6:
OPTICAL AND NONLINEAR OPTICAL

CHARACTERIZATION OF [60]FULLERENE-OLIGO(P-
PHENYLENE ETHYNYLENE) HYBRIDS

6.1 Context

As new carbon allotropes discovered in 1985, fullerenes draw continuing attention to
their optical and electronic properties.[1,2] [60]fullerenes (denoted either “Cep” or
“fullerene”) are three-dimensional soccer-ball-shaped conjugated molecules that are
relatively compact and contain a high-density of n-electrons. Various forms of Cso have
been shown to display a range of electronic and optical properties depending on their
processing and surroundings.[3,4] As such, fullerenes have drawn considerable interest to
their nonlinear optical characteristics and their subsequent potential for use in emerging
NLO-based technologies, such as all-optical limiting.[5-7] While early studies indicated
that fullerenes have very large nonlinear optical response, recent studies on the nonlinear
optical properties of pristine Ceo have shown them to yield disappointingly small or even
negligible instantaneous nonlinearities.[8-11] Nonetheless, it is presumed that properly
integrating fullerenes into other conjugated materials may yield novel materials with
strong optical nonlinearities at wavelengths of interest. However, synthesis of hybrid
materials in which fullerenes are directly integrated into/onto a conjugated chromophore
has proven problematic.[12,13] This chapter reports on the study of three oligo(p-
phenylene ethynylene) (OPE) based chromophores, one of which consists of an OPE-
(bis)fullerene hybrid. The results of this study, comprising a collaboration between Dr.
Hegmann’s ultrafast spectroscopy group at the U of A, and Dr. Tour’s synthetic organic
chemistry group at Rice university, have been published in Chemistry (Chem. Eur.
J.).[14] This represented a landmark study for us, as it was our first publication to report

on quantitative two-photon and excited-state absorption obtained with the DOKE
detection layout.
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6.2 Introduction

Possessing a dense network of delocalized m-electrons, as well as high-transparency in
the near- and mid-infrared, fullerenes are appealing candidates for NLO
applications.[15,16] NLO research on pristine Cg has proved disappointing, as
unfunctionalized fullerenes display miniscule hyperpolarizabilites and poor solubility.[9-
11] Functionalized fullerenes, however, have been shown to yield large y and ¢
values.[17-20] By bonding fullerenes to conjugated oligomers such as OPEs, the
electronic characteristics of both components are altered, thus modifying the hybrid’s
overall NLO properties. Therefore, it is of particular interest to shed light on the
fullerene-controlled third-order NLO behavior as well as respective structure-property
relationships. From a geometric standpoint, the OPE symmetries investigated in this
work are also of particular interest for NLO research, with the roles of both extended
conjugation and polar/multipolar symmetries on the NLO properties of molecular
systems being investigated.[21-31] In the OPE-based compounds studied herein, both
quadrupolar and octupolar systems with similarly conjugated backbones are studied. Our
preliminary efforts to investigate short fullerene-OPE chains and pristine Ceo failed due to
their low solubility in organic solvents. The inability to resolve nonlinearities of dilute
Ceo solutions is consistent with prior findings that pristine fullerenes display extremely
small nonlinearites.[8-11] On the other hand, fullerenes bonded to long-chain OPEs
should be more soluble and were primarily targeted in our study. Compounds Cgo-oct-
SOPE and Cgp-quad-5OPE were selected as potential candidates for NLO investigation,
since they represent not only multiple-fullerene derivatives but also two different types of
molecular dimensionalities. To determine the effects of fullerene terminal groups in
governing the third—order NLO properties, the corresponding OPE compounds oct-SOPE
and quad-5OPE were also investigated (See Fig. 6.1).
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6.3 Experimental

Compounds: All OPE compounds were synthesized at Rice University in the Tour lab
(see Fig. 6.1). For this study, the UV-vis and third-order nonlinear optical properties of
four oligo(p-phenyleneethynylene)-based compounds were investigated. For UV-vis
characterization, OPE samples were measured as dilute solution in o-dichlorobenzene.
For NLO studies, all samples were analyzed in CH,Cl, solutions. Both compounds Cgo-
quad-5OPE and Cg-0ct-S5OPE are only weakly soluble in CH,Cl,. However, whereas a
dilute solution of oct-SOPE (<2 mM)[32] gave detectable signals, Cgo-0ct-SOPE was
not sufficiently soluble for accurate measurements, with a saturated solution
(approximately 0.5 M) yielding an irresolvable response. Although CS; is a better
solvent for fullerene compounds, CH,Cl, displays both smaller and faster ynonlinearites
that allow for the extraction of small solute-derived signals with far better resolution.[33]

NLO characterization at a wavelength of 800 nm was conducted with the ultrafast
DOKE detection technique as described in Chapter 2 and elsewhere.[33] All y-values are
referenced to that of THF (Yur=5.2x10""esu),[34] and all @-values are relative to that
of MPPBT (G(Z)MPPBT=380GM; A=800 nm).[35] A summary of optical and nonlinear
optical values for the studied OPEs are listed in Table 6.1.

Table 6.1. Low-energy absorption peak wavelengths and molecular third-order hyperpolarizabilities y and
TPA cross sections 6> measured at 800 nm in OPE compounds.

Compound Concentration Amax Y P
(mM) (nm) (10> esu) (10°° cm?s)
quad-S0PE 430 5.7404 65410
Oct-50PE 20 415 44402 28+8
Cgo-quad-50PE 2 425 10+3 140 + 40
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Figure 6.1. Chemical structures of the reported OPE-based compounds. Sample Cg-0ct-SOPE was not
sufficiently soluble for NLO characterization.

6.4 Results and Discussion

Linear Optical Properties: The UV-vis spectra of the OPE-based samples are presented
in Fig. 6.2. The absorption spectra of the OPE samples are dominated by two features; a
higher-energy peak located between 300-325 nm, and a lower-energy peak located
between 400-430 nm. Furthermore, samples Cgp-0ct-SOPE and Cgp-quad-SOPE display
long absorption tails that range from 450-600 nm and are characteristic of fullerene-
containing chromophores.[36]

A red-shifting of the highest-wavelength of maximal absorption, Amay, is observed
in going from sample oct-SOPE to quad-SOPE. Although both samples have an arm-to-
arm length of 5 OPE units, the quadrupolar quad-SOPE is fully linearly-conjugated
across all five repeat units, whereas in the octupolar molecule oct-5OPE, conjugation is
broken by the meta-linkage across the central phenyl ring (see Chapter 5). Thus, this
bathochromic shift of approximately 15 nm is most likely due to an increased conjugation
length. A similar red-shift is seen in the fullerene-capped OPE samples, where Amax is
approx. 405 nm for Cgp-0ct-SOPE and 425 nm for Ce-quad-SOPE, respectively. This
shift is thus also attributed to a difference in conjugation length, and not to the difference

in the number of terminal fullerenes.
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Figure 6.2. UV-vis absorption spectra for OPE-precursors and OPE-fullerene hybrids in o-
dichlorobenzene. Note both the emergence of the long tail and the shift in oscillator strength from the
lower-energy peak to the higher-energy peak upon the incorporation of Cqy.
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A significant redistribution in oscillator strength is observed upon end-capping
with fullerenes, as can be seen from comparisons of the spectra in Fig. 6.2. While the
absorptivity in the vicinity of Amax in OPE oligomers oct-SOPE and quad-SOPE is much
larger than in Cgo-0ct-50PE and Cgp-quad-50OPE, the oscillator-strength is seen to shift
to the higher-energy peak in the latter compounds. In fact, the molar absorptivity at the
higher-energy region is larger than that at An. for the fullerene-OPE hybrids. It is
reasonable to believe that this enhancement is due to the contribution from fullerene
groups; most likely due to an electronic transition from the orbitals of OPE to those of the
fullerene cages.[14] However, despite being connected by a conjugated OPE bridge, an
absorption band from intramolecular electronic interaction between the fullerene groups
is not detected, and thus, electronic communication between the conjugated fullerene

moieties and OPE backbone is not borne by the UV-vis spectra.

Third-order optical nonlinearities and two-photon absorption properties: In Table
6.1, y- and 6@-values for the OPE sample series are listed. Fullerene-terminated sample
Cs-quad-5OPE displays the largest molecular hyperpolarizability; y=10x10>* esu
(=2000Yrgr). This is a relatively large non-resonant nonlinearity for a conjugated
molecule in solution, investigated by femtosecond Kerr spectroscopy, and comparés well
with other ultrafast third-order NLO studies of single-fullerene/polyaminonitrile
hybrids.[9,19] Of the OPE compounds studied, Csp-quad-SOPE also has the largest TPA
cross-section, with 6?=140x10"" GM (=0.40®\ppgr). This value is large for a non-
polymeric compound studied with femtosecond pulses, and displays a value that
compares well with the only other fullerene-derivative two-photon absorption results
reported in the literature,[18,25,37] but studied with nanosecond pulses.[38] We find
several interesting trends in our data: Fullerene-terminated OPE Cgp-quad-5OPE shows
a y-value that is nearly twice that of its OPE precursor quad-50OPE. Likewise, a two-fold
enhancement in ¢'” is observed, when comparing these two compounds. A similar
doubling of the two-photon coefficients of conjugated chromophores upon attaching a
terminal fullerene is reported by Chiang et al.[18] Considering that pristine fullerenes

display negligible nonlinearities, it is possible that this enhancement of y and 6® for Ceo-
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quad-50PE compared to quad-SOPE is due to periconjugation effects and/or charge
transfer from OPE to fullerene in the excited state.[14] In previous works, Chiang et al.,
as well as others, attribute the sizable TPA response of functionalized fullerenes to charge
transfer from the conjugated backbone to the terminal fullerene that acts as an electron
acceptor.[8,9,18,39-41] This explanation is consistent with our NLO and UV-vis results.
That same study, however, found that an octupolar conjugated backbone geometry
displays larger c®-values than a linear conjugated quadrupolar conjugated backbone.[18]
In contrast, we find that the quadrupolar quad-SOPE displays a larger TPA cross section
than the octupolar oct-SOPE. This is perhaps not surprising when we consider that
although the through-centre arms of these compounds have the same number of OPE
units, in the octupolar geometry linear conjugation is interrupted by the meta-linked
central phenyl ring (i.e., cross-conjugation), whereas the quadrupolar molecule is fully
conjugated along its length.[28] On the other hand, other groups have synthesized
octupolar molecules with an amide core that has been shown to allow some degree of
conjugation through the center.[28,42,43] Moreover, the superiority of the y-values of
quad-50PE over oct-SOPE further suggests that the degree of n-delocalization plays a
more crucial role than the (multi)polar symmetry in controlling the NLO behavior of the
molecules synthesized here—especially when considering that oct-SOPE is the larger
molecule.

In addition to instantaneous two-photon absorption, the T/PS-terminated OPEs
also display excited-state absorption (ESA).[44,45] Because DOKE detection is only
sensitive to changes in the probe beam, TPA is recorded when one photon is absorbed
from each of the pump and probe beams. This can only occur when the beams are
overlapped temporally. For excited-state absorption, two photons are simultaneously
absorbed from the intense pump beam to a high-lying two-photon state, as described in
Chapter 2. After relaxation to a lower-lying excited state, a photon may be absorbed from
the probe beam. This process will depend on the relaxation dynamics from the two-
photon and lower excited-state as well as the transition probability of the excited state

from which the subsequent absorption is to take place.
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Figure 6.3. [colour] Time-resolved nonlinear absorption response of OPE-based samples in CH,Cl, and
MPPBT in DMSO. The MPPBT response has been scaled down by 50% for ease of comparison. a) Two-
photon absorption is seen on-peak (t=0 ps) for all samples, while longer time scales represent excited-state
absorption (ESA). Note that ESA is absent in the fullerene-terminated OPE Cg-quad-5OPE. b) (log-
linear graph) Excited-state absorption decays, showing that samples quad-SOPE and oct-SOPE have
strikingly similar relaxation dynamics.
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Figure 6.3 presents the time-resolved nonlinear absorption responses of oct-
SOPE, quad-5OPE, C4)-quad-5OPE, and MPPBT. CH,ClL, lacking TPA at 800 nm,
only displays a very small transient grating signal typical of coherent coupling (not
shown; See Fig. 2.7 for a similar response in THF).[46] Whereas both OPE compounds
oct-50PE, quad-SOPE display a measure of excited-state absorption, the fullerene-
terminated Cgo-quad-SOPE shows only instantaneous TPA. When NLA in MPPBT is
shown for comparison, it becomes clear how similar the excited-state dynamics of both
the quadrupolar OPE and octupolar OPE are (Fig. 6.3b). This is somewhat surprising as
the electronic levels in these systems are expected to be closely governed by the
transition dipoles and geometry. For example, the lowest lying energy state in the
centrosymmetric quad-SOPE is expected to be two-photon forbidden, while having a
higher-energy state that is one-photon forbidden but two-photon allowed. On the other
hand, the noncentrosymmetric oct-50PE is expected to have both a one- and two-photon
allowed first excited state.[27,28] Because the band-gap wavelength (Apnax=415-430 nm)
of these samples is longer than the two-photon wavelength, (1/2 Ajaser = 400 nm), it is
possible that the TPA is occurring to a high-lying excited state. Accordingly, from the
UV-Vis spectra and time-resolved ESA dynamics, it is reasonable to suggest that it is the
OPE chromophore units themselves, rather than the multipolar geometry that regulates
the excited-state behavior of samples oct-SOPE and quad-SOPE. The fact that the OPE
precursor quad-SOPE displays excited-state absorption while the fullerene-terminated
Ceo-quad-SOPE does not, is further consistent with a charge-transfer mechanism, in
which relaxations from the two-photon-accessed level to the ground state take place
without significant population of the intermediate excited state that is observed in quad-
50PE and oct-SOPE.[18] However, in the absence of two-photon induced fluorescence

spectroscopy data it is difficult to conclusively map out the electronic states in these

samples.[47]
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6.5 Summary

A new synthesis route has made available multiple-fullerene functionalized
conjugated-chromophore hybrids.[12] The spectroscopic characterization of such
materials is of considerable interest, as researchers seek to realize the benefits of
incorporating the highly n-electron-rich fullerenes into conjugated frameworks. In this
context, we studied a multiple-fullerene oligo(p-phenyleneethynylene) (OPE) hybrid,
Ceo-quad-5OPE, together with its quadrupolar OPE precursor, quad-SOPE, and another
structurally-related octupolar OPE, quad-SOPE. We investigated the third-order NLO
and nonlinear-absorption properties of the OPE-based compounds using the DOKE
detection technique. The measured third-order nonlinear-optical coefficients for fullerene
derivative Cgo-quad-SOPE are approximately double those of its OPE precursor quad-
SOPE at 800 nm, while nonlinearities for pristine Cgy are negligible. Cg-quad-SOPE
displays significant two-photon absorption at 800 nm, with 0'=140+40 GM, compared
with 0?=65+10 GM and o'?=28+8 GM for quad-SOPE and oct-SOPE, respectively.
The molecular second-hyperpolarizability at 800 nm is also non-negligible for these
compounds, ranging from (5.7+0.4)x10** esu for quad-SOPE and (4.4+0.2)x10™* esu
for oct-SOPE, to (lOﬂ:3)><10‘34 esu for Ceo-quad-SOPE. Whereas the doubling of y and
0@ in Ceo-quad-50PE could typically be explained by increases in conjugation length
commensurate with a significant red-shifting of Amax, no such shift is observed in the
absorption spectra in going from quad-5OPE to Cg-quad-SOPE. In fact, a slight blue-
shifting of approximately 5 nm is measured. Therefore, the differences in optical
nonlinearities between the pure OPEs and the OPE-fullerene hybrids are not due to any
extension of conjugation beyond the OPE backbone. Thus, the NLO results suggest a
synergistic interaction between the conjugated OPE backbone and terminal fullerenes.
Evidence for this is further supported by cyclic voltammetry studies presented

elsewhere.[14] Other groups have attributed similar findings to the formation of a charge-
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transfer species in which excited electrons pass from the conjugated backbone to the
terminal fullerene. This proposed mechanism is further supported by the comparisons of
the excited-state absorption dynamics of the compounds. Whereas both of the pure OPE
frameworks display similar excited-state absorption, end-capping with fullerene (in Cgo-
quad-5OPE) yields a compound that only displays instantaneous two-photon absorption.
Finally, this fullerene-terminated OPE displays sizable 7 and o®-values that are
consistent with other Ceo derivatives reported in the literature. Thus, our findings are

potentially instructive to guiding the molecular design and engineering of organic-based

electronic and nonlinear optical materials.
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CHAPTER 7:

THE KERR RESPONSE OF CROSS-CONJUGATED ISO-
POLYDIACETYLENES

7.1 Context

iso-Polydiacetylens (iso-PDAs) are a novel class of oligo-enynes in which repeat units
are linked via cross-conjugated bridges. Because iso-PDAs are not linearly conjugated,
their nonlinearities may not be expected to increase superlinearly as a function of
oligomers length, but rather, each unit may simply contribute additively to the molecular
nonlinearity. On the other hand, cross-conjugated iso-PDAs have as high a concentration
of n-electrons as linearly-conjugated compounds such as typical polydiacetylenes, and
may thus be expected to yield large Kerr nonlinearities. This study set out to investigate
whether there is sufficient electronic delocalization through the cross-conjugated bridge
to yield a superlinear increase in Kerr response as a function of oligomers length. The
results of this study have been published in two preliminary articles and one full
article.[1-3] The following is a summary of the iso-PDA work, and is a reworked excerpt
from Y. Zhao, A. D. Slepkov, C. O. Akoto, R. McDonald, F. A. Hegmann, and R. R.
Tykwinski, "Synthesis, structure, and nonlinear optical properties of cross-
conjugated perphenylated iso-polydiacetylenes", Chem:-Eur. J. 11, pp. 321-329, 2004.
Synthesis, linear spectroscopy and molecular modeling of the iso-PDA samples
were conducted by Dr. Yuming Zhao and Clement Akoto in Dr. Tykwinski’s lab. X-ray
crystallography was provided by Dr. McDonald, at the University of Alberta.
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7.2 Introduction

In the past several decades, molecules with extensive n—delocalization have been
investigated for use in third-order NLO applications.[4,5] Conjugated oligomers are also
attractive as nonlinear optical materials due to their extended n—electron systems.[6,7]
For example, polyynes (PY),[8,9] polyacetylenes (PAs),[10,11] polydiacetylenes
(PDAs),[12] polytriacetylenes (PTAs),[13] as well as many others have been
explored.[14-18] While linearly-conjugated frameworks are highly attractive for the
sheer magnitude of their nonlinear-optical responses, they do have drawbacks.[7] A
major disadvantage to most linearly-conjugated oligomers is the dramatic red-shift of
maximum electronic absorption wavelength (Amax) towards the visible region of the
spectrum as the oligomer chain length is increased. This results in longer oligomers with
considerably decreased transparency in the visible region of the spectrum, hindering their
technological potential.[19-21] To circumvent this “transparency-nonlinearity trade-off”,
alternatives to linear conjugation have been explored, such as two-dimensional
conjugation[22,23] and the substitution of functional groups in the oligomer
backbones.[24,25]

This study looks to investigate cross-conjugation as a way to increase optical
nonlinearities without suffering loss of transparency. In this context, cross-conjugated
enyne oligomers[26] have been examined with the following motives in mind: First, the
red-shift of Anax can be mediated, on account of the attenuated n—electron delocalization
via a cross-conjugated framework, giving relatively unmodified transparency, even for
extended oligomers. Second, cross-conjugated oligomers remain rich in 7m—electron
density, which is necessary for providing a large third-order molecular and bulk nonlinear
optical susceptibility.

Oligomers with a cross-conjugated enyne framework, such as iso—
polydiacetylenes 1 and 2[27,28] (shown in Fig. 7.1) and iso—polytriacetylenes (iso—
PTAs)[29-31] show electron communication along the cross-conjugated enyne
frameworks, while maintaining high transparency in the visible region of the
spectrum.[32] In search of cross-conjugated oligomers suitable for the study of third-
order NLO behavior, a series of perphenylated iso-PDA oligomers 3 was synthesized,

wherein the perphenylation allows for high solubility necessary for NLO
measurements.[3]
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iso-polydiacetylenes

Figure 7.1. Three general iso-polydiacetylene frameworks. Structures 3 are the perphenylated iso-PDAs
discussed herein.

iso-polydiacetylene jso-PDA-1

iso-PDA-15

Figure 7.2. Perphenylated iso-polydiacetylene oligomers. The end-group Et;Si, otherwise known as 7ES, is
an electronically inert moiety inserted for improved solubility. For this study, oligomers with n=1, 2, 3, 5,
7,9, 11, 13, and 15 were investigated. The longest linear-conjugated path for each of the oligomers is
shown in bold, highlighting the fact that the maximum fixed-length segment is not present in the monomer,
iso-PDA-1.
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7.3 Results and Discussion

Electronic Absorption and Emission: The electronic absorption characteristics of
dimer iso-PDA-2 through pentadecamer iso-PDA-15 were investigated by UV-vis
spectroscopy, and are shown in Fig. 7.2. A prominent aspect of the UV/Vis spectra is the
steadily increasing molar absorptivity as the oligomeric chain length is extended, which
ultimately reaches &= 160,000 M'em™ for iso-PDA-15. The electronic absorption
spectrum of the dimer shows two distinct absorptions at 373 nm and 323 nm. In the
absence of a significant contribution from cross conjugation, the major absorptions for
iso—PDAs are expected to come from the longest linearly-conjugated framework, the ene-
yne-ene segment shown in bold in Fig. 7.2.[33] Previous work with cyclic iso-PDAs
suggests that the lower-energy absorption (373 nm) results from the HOMO->LUMO
transition for the ene-yne-ene segment. The absorption at 323 nm, however, is predicted
to arise from the HOMO—->LUMO+1 transition of the cisoid conformer, a transition that
is formally symmetry forbidden for the transoid conformer. The spectrum of trimer iso-
PDA-3 shows a similar absorption profile to that of the dimer, with distinct absorptions at
375 and 324 nm. In the spectrum of the pentamer, the low-energy absorption at 377 nm
becomes the only resolved characteristic, as the higher-energy absorption peak at 324 nm
merges into a barely-distinguishable shoulder. From the heptamer iso-PDA-7 to
pentadecamer iso-PDA-15, the electronic absorption profiles show a similarly broad and
featureless peak at a maximum absorption energy of Amax = 378 nm. Overall, a very
small red-shifting of Amax is observed as one progresses from the dimer (Amax = 373 nm) to
pentadecamer 25 (Amax = 378 nm). This effect has, however, already reached saturation
by the length of approximately n = 7-9,[34] similar to that observed in other iso—
PDAs.[27,28]

Emission spectra ([iso-PDA] < 1.5 M), have been measured in degassed CHCl;
with an excitation wavelength of 380 nm (Figure 7.4), and the perphenylated iso—PDAs
show enhanced emission when compared to their alkylidene analogues 1 and 2. The iso—
PDA oligomers (n = 2-15) consistently show only one broad emission peak, and the
relative emission intensity steadily increased with chain length #. The maximum emission
wavelength (Aem) shifts toward the lower-energy region from dimer iso-PDA-2 (Ao, = 468
nm) to heptamer iso-PDA-7 (Aem = 503 nm). From heptamer to pentadecamer iso-PDA-
15, dem is constant. This trend concurs with that discussed above for the UV/Vis
absorption data, suggesting an effective conjugation length (ECL) of n = 7.
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500

Wavelength [nm)]

Figure 7.3. [colour] Electronic absorption spectra (¢ in Lmol'cm™) in CHCl; comparing the effects of
oligomer chain for n=2-15 iso-PDAs.
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Figure 7.4. [colour] Emission spectra in CHCl; for full iso-PDA series, with excitation at 380 nm. Ay, in
nm for each oligomer is shown in parentheses. For clarity, legend entries follow the peak signal in order.
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Table 7.1. DOKE results for the iso-PDA series.?!

Entry Concentration 14

! ™M) (x 107 esu) Tol o
iso-PDA-1 1 0.23 9.24+0.4 17.7+0.8
iso-PDA-2 2 0.15 30.3+0.3 58.240.5
iso-PDA-3 3 0.13 48+4 9447
iso-PDA-5 5 0.12 70L5 13419
iso-PDA-7 7 0.10 9414 181£9
iso-PDA-9 9 0.12 12348 240415
iso-PDA-11 11 0.054 177£18 347+£35
iso-PDA-13 13 0.054 208+10 408420
iso-PDA-15 15 0.035 3088 603+16

@y and 7y are the third-order hyperpolarizabilities of the oligomer samples and THF reference,
respectively. n is the number of repeat units in the oligomer.

Nonlinear Optical Properties: Because of their significant optical transparency, an
appealing aspect of iso-PDA oligomers is their potential use as third-order NLO
materials. Molecular second hyperpolarizabilities, y for the iso-PDA samples were
determined by differential optical Kerr effect (DOKE) experiments. In these
experiments, the oligomer samples, from monomer iso-PDA-1 to pentadecamer iso-
PDA-15, were prepared as THF solutions of 0.035-0.23 M. The pvalues were then

obtained as described in Chapter 2 and elsewhere.[35] All »~values are referenced to that

of THF (7tur). As depicted by the values in Table 7.1, the iso-PDA series shows an
order of magnitude increase in y from the dimer to pentadecamer. Overall, however, the
»values themselves remain quite modest (when compared to those of linearly conjugated
polyenes, for example [4]). On the basis of the absorption and emission data,
conventional wisdom dictates that electronic communication would be limited across a
cross-conjugated bridge. Thus, increasing the number of monomer units of an iso—PDA
oligomer would simply increase the number of fixed-length linearly-conjugated paths

(shown in bold, Figure 7.2). In the absence of significant cross-conjugated n—
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delocalization, a linear increase in y-values as a function of chain length would be
expected. Indeed, a linear trend for shorter iso-PDA oligomers (» = 2-7) was observed
and reported.[1,2] The investigation of longer oligomers, however, reveals markedly
different behavior as shown in Fig. 7.5, where the oligomer nonlinearities clearly deviate
from linearity with increasing chain length (#).

A superlinear increase in yvalues as a function of chain length is typically
encountered in both theoretical and experimental studies of the electronic
hyperpolarizabilities of linearly conjugated oligomers. Such studies have shown that
optical nonlinearities generally increase with conjugation length according to a power-
law relationship, y~n°, where ¢ is the power law exponent.[7,36,37] Thus, a nonlinear
increase in y as a function of oligomer length may indicate increased electronic
communication along a conjugated backbone. While theories predict power law
exponents of ¢ = 2 — 4 for linearly conjugated systems,[7,38] there are currently no
theoretical predictions for cross-conjugated systems. This is, arguably, because no
electronic delocalization is expected to occur through cross-conjugated linkages. Figure
7.5b presents the jvalues of the entire iso-PDA series (with the exclusion of the
monomer, iso-PDA-1)[39] fit to a power law function of the form y=a+bn’, where a and
b are constants. Considering the entire data series, this analysis provides a superior fit to
that of a simple straight line, and yields a power of ¢=2.0+0.3. Although the data
adequately fits a power-law, the correlation is not ideal.

A third possible relationship, consisting of two linearly increasing regimes, is
also considered, and is shown in f 7.5c. The j~values show a good linear fit spanning
n=2-7 and a second linear fit with a steeper slope over the range of n=9-15. Overall, the
two-line analysis, with a distinct change in slope at n = 9, provides the best description of
the data. The analyses in Figs. 7.5b,c represent two different phenomena. A power-law
relationship between y and oligomer length (Fig. 7.5b) would presumably arise from
increased m—electron delocalization, an unlikely prospect considering only the minute
red-shifting seen UV/Vis absorption and emission data. A two-regime linear increase in
nonlinearities with a distinct change in slope, however, could arise from the onset of

ordering of the sample in solution, such as folding. This prospect is discussed below.
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Figure 7.5. Correlation of relative molecular second hyperpolarizibilities (y/yryr) as a function of oligomer

length n. (a) Linear fit (n = 2-15). (b) power-law fit of the form y = a + bn® (n = 2-15). (¢) Two linear fits
(n=2-7 and n = 9-15).

(b)

Figure 7.6. Minimized structure of tridecameric iso-PDA using MM3* force field parameters.[40] Only

backbone carbons are displayed as space-filling representation for clarity: (a) View from top; (b) View
from side
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Solution state folding of iso-PDAs: Perphenylated iso-PDA oligomers may prefer a
specific, folded, conformation in the solution state, especially in the case of longer
oligomers (n > 7). In addition to the NLO evidence for structural changes at a length
between n=7 and n=9, crystallographic analysis of trimer iso-PDA-3 further supports this
hypothesis; where the pseudo-cis orientation between enediyne segments allows the
neighboring phenyl groups to approach close enough to effect n-n interactions, which
could become the dominant feature in the longer oligomers. To further probe the prospect
of folding, the geometry of iso-PDA oligomers of various length was analyzed
computationally (by Dr. Y. Zhao).[40] When the initial oligomer geometry adopts an all-
cisoid conformation (n>7), the minimized structure consistently achieved a helical
conformation with a "folded" enyne framework, which is demonstrated in Fig. 7.6 for the
tridecamer (minus 7IPS end-groups). The phenyl rings of neighboring alkylidene units
each participate in =n-stacking, contributing to the stabilization of the folded

conformation, as can be seen in Figure 7.6b. The pitch angle for the helix is calculated to

be approximately 40°.
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Figure 7.7. Plot of absorbance ratio A437s/A4s,3 vs. chain length (n) in CHCI; (@) and acetonitrile (W). A3z
denotes the absorbance intensity at 378 nm, and 4;,; denotes the absorbance intensity at 323 nm.
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Folding of the iso—PDA oligomers is further supported by UV/Vis spectroscopic
analysis. Previous work on iso-PDAs provide for the following assumptions in the
present study: First, the HOMO->LUMO+1 transition at approximately 323 nm is
symmetry allowed for the cisoid conformation and forbidden for the transoid
conformation,[27,28] and, secondly, the HOMO->LUMO transition for the cisoid ene-
yne-ene chromophore occurs at slightly higher energy than that of the transoid conformer
(although both are observed as a combined absorption band at approximately 378 nm in
the present case).[27,28,41] The ratio of these two absorbances (denoted as As7s/A323)
could therefore be an indicator of a conformational change, and a plot of this indicator
versus chain length » is presented in Figure 7.7. In both CHCl; and acetonitrile, the ratio
of As78/A3y3 steadily increases from dimer iso-PDA-2 to heptamer iso-PDA-7, and then
reaches a constant value for the longer oligomers (n > 7). This behaviour is consistent
with a conformational change for the longer oligomers. In an effort to provide additional
support of a folded conformation for iso-PDAs, circular dichroism (CD) spectroscopy in
the presence of chiral guests (such as pinene) was explored.[42,43] These studies,
unfortunately, did not give conclusive evidence for (or against) solution-state folding, as

a biased twist sense could not be achieved.
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74 Conclusion

The optical, structural and nonlinear optical properties of perphenylated cross-conjugated
iso-polydiacetylene oligomers, with n=1-15 repeat units, were studied. Their electronic
absorption behavior indicates an effective conjugation length of approximately n=7-9.
The iso—PDA oligomers show steadily increasing fluorescence intensity as a function of
chain length, and the emission wavelength red-shifts slightly from 468 nm (in dimer iso-
PDA-2) to 503 nm (in heptamer iso-PDA-7). Beyond the length of the heptamer, the
emission energy remains essentially constant. The third-order NLO properties of the iso—
PDAs in THF solutions were studied by differential optical Kerr effect (DOKE)
experiments, at a wavelength of 800 nm. The molecular second hyperpolarizabilities
display a super-linear increase as a function of chain length. The best fit to the NLO data
shows two linear regimes, suggesting an increased order in the system, likely helical
folding. While definitive proof of a folded conformation for extended iso—PDAs remains
elusive, empirical evidence of this conformational presence is provided by molecular
modeling studies as well as UV/Vis and NLO spectroscopy. The superlinear increase in y
as a function of oligomer length is the first of its kind reported for (through-carbon)
cross-conjugated systems. The 15-repeat-unit iso-PDA-15 showed the largest

nonlinearity, with y=603116yrpr.

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7: CROSS-CONJUGATED ISO-POLYADIACETYLENES

7.5

(1]

2]

(3]

[4]
[5]

[6]
[7]

[9]

[10]
[11]

[12]

(13]

References
A. D. Slepkov, F. A. Hegmann, Y. Zhao, R. R. Tykwinski, and K. Kamada, J.
Chem. Phys. 116, 3834 (2002).

A. D. Slepkov, F. A. Hegmann, K. Kamada, Y. Zhao, and R. R. Tykwinski, J.
Opt. A. 4, S207 (2002).

Y. Zhao, A. D. Slepkov, C. O. Akoto, R. McDonald, F. A. Hegmann, and R. R.
Tykwinski, Chem. Eur. J. 11, 321 (2004).

U. Gubler and C. Bosshard, Adv. Polym. Sci. 158, 123 (2002).

R. R. Tykwinski, U. Gubler, R. E. Martin, F. Diederich, C. Bosshard, and P.
Glinter, I. Phys. Chem. B. 102, 4451 (1998).

R. E. Martin and F. Diederich, Angew. Chem. Int. Ed. 38, 1350 (1999).

C. Bubeck, Nonlinear Optical Properties of Oligomers, in Electronic Materials-
The Oligomer Approach, edited by K. Miillen and G. Wegner (Wiley-VCH,
Veinheim, 1998), Chapter 8.

A. D. Slepkov, F. A. Hegmann, S. Eisler, E. Elliott, and R. R. Tykwinski, J.
Chem. Phys. 120, 6807 (2004).

S. Eisler, A. D. Slepkov, E. Elliott, T. Luu, R. McDonald, F. A. Hegmann, and R.
R. Tykwinski, J. Am. Chem. Soc. 127, 2666 (2005).

S. Hahn, D. Kim, and M. H. Cho, J. of Phys. Chem. B 103, 8221 (1999).

A. Kiehl, A. Eberhardt, M. Adam, V. Enkelmann, and K. Miillen, Angew. Chem.
Int. Ed., 31, 1588 (1992).

M. P. Carreon, L. Fomina, S. Fomine, D. V. G. L. N. Rao, F. J. Aranda, and T.
Ogawa, Photon. Optoelectron. Polym., 672, 199 (1997).

R. E. Martin, U. Gubler, J. Cornil, M. Balakina, C. Boudon, C. Bosshard, J. P.

Gisselbrecht, F. Diederich, P. Giinter, M. Gross, and J. L. Brédas, Chem. Eur. J. 6,
3622 (2000).

L. Kuang, Q. Chen, E. H. Sargent, and Z. Y. Wang, J. Am. Chem. Soc. 125,
13648 (2003).

M. Wong, Z. Li, M. Shek, M. Samoc, A. Samoc, and B. Luther-Davies, Chem.
Mater. 14, 2999 (2002).

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7: CROSS-CONJUGATED ISO-POLYADIACETYLENES

[16]

[17]

[18]

(191

[20)

[21]

[22]

[23]

[24]

[25]

[26]
[27]
(28]

[29]

K. Ogawa, T. Q. Zhang, K. Yoshihara, and Y. Kobuke, J. Am. Chem. Soc. 124,
22 (2002).

P. Siemsen, U. Gubler, C. Bosshard, P. Giinter, and F. Diederich, Chem. Eur. J. 7,
1333 (2001).

H. Meier, D. Ickenroth, U. Stalmach, K. Koynov, A. Bahtiar, and C. Bubeck, Eur.
J. Org. Chem., 4431 (2001).

M. Blanchard-Desce, J. B. Baudin, L. Jullien, R. Lorne, O. Ruel, S. Brasselet, and
J. Zyss, Opt. Mater. 12, 333 (1999).

C. R. Moylan, R. D. Miller, R. J. Twieg, K. M. Betterton, V. Lee, T. J. Matray,
and C. Nguyen, Chemistry of Materials 5, 1499 (1993).

I. Ledoux, J. Zyss, A. Jutand, and C. Amatore, Chem. Phys. 150, 117 (1991).

U. Gubler, R. Spreiter, C. Bosshard, P. Giinter, R. R. Tykwinski, and F.
Diederich, Appl. Phys. Lett. 73, 2396 (1998).

C. Bosshard, R. Spreiter, P. Giinter, R. R. Tykwinski, M. Schreiber, and F.
Diederich, Adv. Mater. 8, 231 (1996).

S. Concilio, I. Biaggio, P. Giinter, S. P. Piotto, M. J. Edelmann, J. M. Raimundo,
and F. Diederich, J. Opt. Soc. Am. B. 20, 1656 (2003).

U. Gubler, S. Concilio, C. Bosshard, 1. Biaggio, P. Giinter, R. E. Martin, M. J.
Edelmann, J. A. Wytko, and F. Diederich, Appl. Phys. Lett. 81, 2322 (2002).

R. R. Tykwinski and Y. Zhao, Synlett, 1939 (2002).

Y. Zhao and R. R. Tykwinski, J. Am. Chem. Soc. 121, 458 (1999).

Y. Zhao, K. Campbell, and R. R. Tykwinski, J. Org. Chem. 67, 336 (2002).
Y. Zhao, R. McDonald, and R. R. Tykwinski, J. Org. Chem. 67, 2805 (2002).
Y. Zhao, R. McDonald, and R. R. Tykwinski, Chem. Comm. 77 (2000).

E. Burri, F. Diederich, and M. B. Nielsen, Helv. Chim. Act. 85, 2169 (2002).
M. Bruschi, M. G. Giuffreda, and H.-P. Liithi, Chem. Eur. J. 8, 4216 (2002).

It is worth noting, however, that a fully planar conformation is not easily achieved
in longer oligomers due to steric repulsion, as demonstrated by crystallographic
analyses. Accordingly, it is possible that electron delocalization could be, on
average, mediated to a more limited segment than that shown in bold.

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7: CROSS-CONJUGATED ISO-POLYADIACETYLENES

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

Electronic absorption spectra of iso-PDA-7 and iso-PDA-9 were recorded at
varied concentrations (from 10-5 to 10-7 M) in CHCIs in order to probe the
possibility of aggregation in solution. These results showed consistent profiles

and nearly identical extinction coefficients, suggesting little or no aggregation
over the accessible range of concentrations.

A. D. Slepkov, Third-Order Nonlinearities of Novel iso-Polydiacetylenes Studied
by a Differential Optical Kerr Effect Detection Technique, M.Sc. Thesis.
University of Alberta, Edmonton, 2001.

U. Gubler, C. Bosshard, P. Giinter, M. Y. Balakina, J. Comil, J. L. Brédas, R. E.
Martin, and F. Diederich, Opt. Lett. 24, 1599 (1999).

1. D. W. Samuel, I. Ledoux, C. Dhenaut, J. Zyss, H. H. Fox, R. R. Schrock, and R.
J. Silbey, Science 265, 1070 (1994).

Nonlinear optics of organic molecules and polymers, H. S. Nalwa and S. O.
Miyata, Eds. (CRC Press, New York, 1997).

For consistency, the data for the monomer, iso-PDA-1 is ignored in the analysis
of the relationship between the molecular hyperpolarizability and conjugation
length, because the monomer does not contain a complete linearly-conjugated
segment (see Fig. 7.2). This segment is complete by the stage of the dimer, and
only with extending the oligomeric series past this stage do we add fixed numbers

of this segment,

Molecular mechanics software Macromodel 7.0, using the implemented MM3*
force field parameters; the silyl groups were excluded to minimize computational
time. Calculations conducted by Yuming Zhao, 2003.

S. Eisler and R. R. Tykwinski, Angew. Chem. Int. Ed. 38, 1940 (1999).

J. C. Nelson, J. G. Saven, J. S. Moore, and P. G. Wolynes, Science 277, 1793
(1997).

C.R. Ray and J. S. Moore, Adv. Polym. Sci. 177, 91 (2005).

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PART 111

EXTENDING WAVELENGTH
CAPABILITIES WITH A
SUPERCONTINUUM PROBE

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER &:
EXPERIMENTAL SETUP FOR THE MEASUREMENT OF

NONDEGENERATE TWO-PHOTON ABSORPTION
SPECTRA

8.1 Introduction

All of the time-resolved measurements described in preceding chapters measured
degenerate sample nonlinearities, wherein pump and probe wavelengths are the same.
Our laser outputs 800 nm light, as defined by our Ti:Sapphire oscillator. For various
experiments, we often desire pump or probe beams of wavelengths different than 800 nm.
Such experiments include one- or two-colour transient absorption and pump-probe two
photon absorption measurements. As outlined in preceding chapters, the need for
characterizing optical nonlinearities at various wavelengths is becoming increasingly
clear. This is especially true for absorptive nonlinearities, where two-photon absorption
(TPA) spectra provide immeasurably more information than cross-sections at a single
wavelength. Theoretical expressions that describe a compound’s two-photon activity
depend on parameters at the TPA spectrum peak and on oscillator strengths and
absorption line-widths.[1-3] Our experience with a series of self-similar two-dimensional
tetrakis(phenylethynyl)benezene (TPEB) compounds provides a good example for
illustrating the importance of measuring the entire TPA spectrum, as opposed to
measurements at a single wavelength (see Chapter 5). For several years we only had
access to measurements of TPEB nonlinearities at 800 nm. We spent considerable time
attempting to analyze trends in the optical nonlinearities of these compounds, but found
that without knowledge of the position of the TPA peaks themselves, any conclusions
would have to be tentative at best. Upon obtaining the (vis-NIR) two-photon absorption

spectra of these compounds, it became clear that the true ordering of TPA activity was
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very different than that presented at 800 nm; some compounds had TPA peaks at shorter-
wavelengths, and were thus decreasing at 800 nm, while others were increasing TPA
activity to peaks at longer wavelengths. While these z-scan spectral measurements were
extremely useful for the description of TPA processes in the TPEBs, they were
nonetheless conducted without time-resolution capabilities. Thus, we have a clear and
urgent need for a broadband laser source for pump-probe experiments.

In the past, we have used a frequency-doubling crystal such as a-BBO or KDP for
the generation of 400 nm light for use in such experiments. However, this process still
limits our spectral capabilities to two wavelengths; namely, 800 nm and 400 nm. For the
past 15 years, the most widely used source for wavelength-tunable laser light has been
the optical parametric generator, OPG (or amplifier: OPA). A typical OPG/OPA can
convert intense monochromatic laser beam to a much-weaker monochromatic beam at a
different wavelength. We have a Quantronix TOPAS OPA, which we have used for
wavelength-tunable pump-probe experiments, with intermittent success.[4] The TOPAS
specifications list its output range to be from 250 nm to 20 um, using 8 different
generation/doubling crystals. The conversion efficiency for the OPA depends on the
output wavelength, and ranges from 20% to 0.2% efficiency in the visible. In practice, we
have found the TOPAS efficiency to be considerably lower than this. We have mainly
used the OPA for generating infrared pulses with wavelengths greater than 800 nm, and
thus, outside of the visible range. We have also found the OPA output to be very noisy,
with large pulse-to-pulse fluctuation. This is a major problem for pump-probe
experiments, and especially those like the Kerr effect that exhibit a quadratic dependence
on laser power. Furthermore, the TOPAS can only output one wavelength at a time, and
needs alignment (often considerable) to tune each individual wavelength. Thus, there is
considerable downside to using the OPA as a source for broadband tunable laser light for
pump-probe experiments.

Supercontinuum (“white-light”) generation (SCG) is a well-established, but fairly
recent technique for obtaining broadband coherent laser light. Alfano and Shapiro first
discovered SCG by focusing intense picosecond pulses into BK-7 glass.[5] Since then,
the technique has been extended to ultrashort femtosecond pulses and a variety of media,

including simple liquids such as water and benzene;[6] glasses; crystalline solids such as
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LiF and sapphire;[7] modified optical fibers;[8,9] and gasses.[10] It is not surprising that
SCG was among the last NLO phenomena to be discovered because this process requires
extremely high field intensities. In fact, all white-light generation shows thresholding
behaviour, a universal characteristic of SCG that may be a clue to its origins.[10,11] It
has become clear that regardless of the exact chain of events, the creation of new
wavelengths in SCG involves nonlinear optical processes. This conclusion is made from
the high threshold powers needed to sustain the phenomenon combined with the low
attenuation levels of the incident pulse. Somehow, the intense light is interacting with the
medium to convert incident radiation into new wavelengths. For this to occur, a time-

varying phase change must exist such that the creation of new frequencies is given
by:[11]

Aa)(t):——a—g%"—. 8.1

This phase change (#y;) may, for example, be brought about by a third-order Kerr-type

index modulation where the index of refraction is intensity dependent.

on, LI(t)

¢NL(t) = 8.2

Thus, self-phase modulation as the generation mechanism predicts a continuum

bandwidth that depends on the third-order optical nonlinearities of the generating

material;[12]

_elm 210 o

Ao(t)= Py

8.3

This correlation, however, is nearly universally absent and may, in fact, be
reversed.[6,7,11] Processes that are easily identified with these expressions, such as self-

phase modulation (SPM),[8,12] four-wave mixing (FWM),[6] and self-focusing [10,13-
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17] were among the first to be nominated as the key mechanisms responsible for SCG.
Other processes such as Raman-enhanced four-wave mixing (FWM) and stimulated
Raman scattering (SRC) have been shown to play a key roll in the SCG of some
materials,[6] while novel phenomena such as stimulated reorientational Kerr-scattering
(SKS) and Raman-induced Kerr effect have been proposed to explain anomalous features
of SCG in other materials.[6] Finally, processes that take into account the large intensities
of incident light, such as multi-photon excitation or electron-plasma production,[ 18] have
provided convincing arguments to explain key features of many SCG spectra. Amidst a
multitude of white-light spectra, generated by different samples or seeded by different
pulses, it is easy to find trends to support any given generation theory. However, there is
also enough evidence to shed doubt of any one nonlinear phenomenon as the sole
mechanism for supercontinuum generation. In all probability, SCG involves multiple

competing nonlinear processes, yielding complex and highly variant broadband spectra.

Generation of The Supercontinuum: In practice, the generation of coherent
supercontinuum light is trivial. High-intensity laser light is incident (either focused or
not) on a sample, and the out-going light is collimated for analysis or use. The intricacies
of SCG lie in the fact that every initial parameter—including sample type, sample length,
incident pump wavelength, incident pulse length, and maximum pulse intensity—gives
rise to different white-light spectra. The commonality in all of the experiments lies in the
depletion of pump light to create a continuum of other wavelengths. These new
frequencies may lie on either or both of the high-frequency, low-wavelength (anti-
Stokes), or on the low-frequency, high-wavelength (Stokes) side of the incident spectrum.
What makes the supercontinuum exciting is not in the creation of other distinct
wavelengths—since these are achievable by established means such as Stimulated Raman
Scattering (SRS), and sum- or difference-frequency mixing—but in the continuous
creation of new frequencies. The supercontinuum may be symmetric, where Aw is equal
on each side of the incident frequency, or it may be asymmetric, with either
Ao >Aw- or Aw_<Aw, (where + signifies the anti-Stokes side and — signifies the Stokes
side).[19] The case of dominant Stokes continuum is relatively rare. The notation of
“Stokes” and “anti-Stokes” does not mean that the process necessarily involves Raman
modes, as is clear from the possibility that Aw,>Aw... Furthermore, the supercontinuum

spectrum may be extremely wide with Aw~m,, making it particularly useful for broad-
band spectroscopy.[20,21]
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A B C D

-«

Figure 8.1. [colour] A schematic of supercontinuum generation. A collimated incident beam (A) begins to
self-focus (B) and eventually forms a self-guiding filament (C). In this region, the intensity of light is
immense, generating both a collinear continuum and an angle-dependent conical component (D). Modified
from [15]

In a typical SCG setup, the out-going white light has three essential components,
as illustrated in Fig. 8.1:[7,15] The majority of the energy lies in the undepleted pump
pulse at the original frequency. Collinear with this light, is the supercontinuum. This light
has a modulated spectrum, and is iso-polarized with the pump beam, with its anti-Stokes
component typically lagging temporally behind its Stokes component.[22] With the vast
spectral differences between the pump and supercontinuum beams, one might expect
complete spatio-temporal collapse of the supercontinuum beam. However, despite these
spectral characteristics, the supercontinuum beam is nearly unaltered spatio-temporally,
displaying a homogencous temporal broadening.[10] The third feature is a conical
emission that slightly diverges from the main beam. This emission has a wavelength-
dependent angle, increasing in divergence with decreasing wavelength. Thus, it appears
as an inverted rainbow when projected on a screen. Simple scattering (diffraction)
processes would yield the opposite wavelength-emission angle dependence, suggesting
that the conical component is distinct from the collinear component. This feature also
represents a coherent supercontinuum. However, the term supercontinuum is often
reserved for the white-light that is collinear with the pump beam.[11] This notation will
be used for the remainder of this work, where supercontinuum or white-light will refer

only to the collinearly generated component.
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A further attribute of SCG is the phase coherence of the white light, making it
ideal for spectroscopy. This aspect of SCG may be surprising, especially when
considering the various proposed competing mechanisms that bring about its creation.
Despite all of these attributes, it is important to note that regardless of the technique used
for generation, the process is quite inefficient, with the best free-space conversion
efficiencies on the order of 10% pump depletion, and in most cases under 2% conversion!
However, since creating white light typically takes intensities on the order of 107-10"
W/em?® even a few percent of white light is sufficient for spectroscopic and
amplification-seeding purposes. Furthermore, contrary to expectation, the low conversion

efficiency does not arise from absorption, since in most cases the total absorption losses

are less than 5%.[11]

Towards the end of establishing capabilities for the ultrafast time-resolved
characterization of nonlinear absorption processes in organic samples, I have
endeavoured to set up an 800 nm-pump continuum-probe experiment. The goal was to
establish proof-of-principle that a usable continuum beam may be created in our lab, and
further, that this beam may be suitable for studying the nondegenerate two-photon

absorption (TPA) cross-section and excited-state dynamics of condensed-matter samples.
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8.2 Continuum Generation in H,O and Pulse Characterization

Continuum Generation in H20: After preliminary investigation of SCG from H,O and
heavy water in 1 mm path-length cuvettes, as well as from thin sapphire windows, we
found that a longer, 10 mm path-length, water cell produces an adequately strong and
broad continuum. In all of the generating media that we investigated, we found large
pulse-to-pulse intensity and spectrum fluctuations. These fluctuations are mostly due to
the formation of trapped bubbles in thin cells and from damage in sapphire windows. In
an attempt to reduce these fluctuations, we constructed a 10 mm path-length (square
profile) quartz flow-cell to flush out any bubbles. A temperature-controlled liquid pump
is used to circulate the water through the flow-cell. The output light shows good pulse-to-
pulse and long term stability, both in the spectrum and the intensity. Thus, we currently
generate our continuum by focusing 800 nm light into distilled water in a 10 mm path
length quartz flow-cell.

The experimental layout for both the supercontinuum generation and its
subsequent characterization is presented in Fig. 8.2. For the white-light generation,
polarized 100 puJ, 800 nm amplified laser pulses are focused with an f= 7.5 cm lens into
distilled water flowing through a 10 mm path-length quartz cell. The emerging
continuum diverges rapidly and shows typical conical emission in addition to a central
‘white-light’ beam. The conical emission, as well as approximately 10% of the
continuum beam is removed with an iris acting as a window. The flow cell is on a
translation stage, allowing us to vary the position of the focus within the cell. It is found
that the most intense, stable, and broad light is obtained when one can see the generation
of white light very near the entrance window, about %2 to 1 mm from the window. This
also creates the most diverging beam, which is somewhat of a problem. After generation
and near-collimation, the continuum beam may be filtered to remove the large 800 nm

pump component and to select other wavelengths, before passing through a polarizer and
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analyzer gating pair. Slightly uncrossing the analyzer allows for a small amount of
continuum light to proceed to a scattering screen for spectral measurements. Figure 8.3
presents the continuum spectrum in comparison to the generating 800 nm beam. The
generated spectrum is of typical asymmetric shape,[7] with the majority of spectral
weight present near the generating wavelength, and extending further on the Stokes side
than the anti-Stokes side. Spectrometer detection resolution effectively cuts off detection
at 350 nm and 1000 nm, but the continuum is expected to extend to longer wavelengths.
It is not expected to extend beyond 400 nm to lower wavelengths. Considerable pump
depletion takes place, yet the majority of the outgoing beam consists of undepleted
800nm light. Typical generating values, which admittedly change slightly from day to
day, are as follows: 800 nm generating beam power is 100 mW; the total out-coming
light is 70 mW; the total stokes-side light when a 750 nm short-pass filter is used is 5-10
mW. Thus the generating efficiency is 5%-10%, ignoring the sizable >800 nm light
component. At any given wavelength, however, the power is small. For example, with the
aforementioned generating conditions, the total 634 nm light present is 300 uW when
using an efficient bandpass filter, and only 50 uW at 700 nm when using an inefficient
one. These powers are ample for probing nonlinearities in pump-probe measurements,
but are insufficient for use as pump sources.

When describing the generating parameters in SCG, it is crucial to detail the input
powers and focal parameters of the beam. Because self-focusing is such an important
factor in the generation process, slight changes in either the z-position of the cell, the
generating beam intensity, the generating beam size, or the pulse’s temporal width will
all change the output spectrum and its intensity. Thus, it is also important to maintain
consistent generating parameters throughout an experiment. 100 mW input power and a
300 mm focal length lens were selected for moderate (but not strong) white-light
generation to avoid possible complications from significant filamenting that may occur

with intense generating pulses.[23,24]
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Figure 8.2. A schematic of our continuum generation layout and its subsequent use in pump-probe
experiments/characterization. All optics optimized for 800 nm unless otherwise specified; BS: beam
splitter; A/2: half-wave plate; P,: polarizers, P,: broadband Glan-laser polarizers; CH: optical chopper; L;:
=300 cm lens; L,: £=4.5 cm achromat doublet lens; L;: £=7.5 ¢m achromat doublet lens; L;: =10 cm
achromat doublet lens; Ls: £=500 ¢cm lens; FC: 10 mm path-length water flow cell; S: sample position; X
trans.: longitudinal translation stage; X-Y trans.: bi-directional in-plane translation stage; Scn: screen for
diffuse spectral reflection; Spctr: Ocean Optics fiber-collected spectrometer; PD: amplified silicon
photodiode (Thorlabs PDASS).
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Figure 8.3. Spectra of broadband continuum generated from 10 mm H,O and that of the generating pulse.
Spectra are normalized to an irradiance of 1.
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Figure 8.4. The supercontinuum pulse as independent bandwidth-limited quasi-monochromatic pulses,
here selected by ultrafast Kerr-response cross-correlation with an 800 nm pump pulse in a glass slide. The
scaled full continuum spectrum is presented for comparison.

Need for Chirp Correction: As mentioned above, the white-light pulse is created with
its use for ultrafast broadband spectroscopy in mind. There are a couple of ways in which
the continuum pulse may be used. In the first, the entire continuum may to be used in
single-shot (spectral, not temporal) experiments, thereby utilizing the entire wavelength
range. The generating process, however, seriously affects the temporal characteristics of
the pulse, and complicates its use as a single-shot probe. Because of group velocity
dispersion (GVD), the continuum beam displays considerable chirp; that is, different
wavelengths are spread in time within the continuum pulse envelope. A chirp will
seriously impact time-dependent (pump-probe) measurements with a continuum probe.
To circumvent this problem, researchers have introduced serious further GVD, in an
attempt to extrinsically increase the chirp to a point where colors can no longer be
thought to overlap/interact.[20] Alternately, others have sought to disperse the
supercontinuum spectrum spatially, thus using a sort of ultrafast rainbow for
spectroscopic measurements.[21] Ultimately, however, neither of these approaches yields

a satisfactory approach for single-shot white-light pump-probe spectroscopy.
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Figure 8.5. Continuum pulse chirp as mapped out by cross-correlating an 800 nm pump pulse in a ~1 mm
thick glass slide. Wavelengths are determined from the spectra peaks given in Figure 8.4. The line is an
extrapolation/interpolation fit in Origin 6.0 and is of typical shape for SCG from water.[25]

The most widespread approach to continuum-probe spectroscopy involves
filtering the spectrum to various specific narrow-bandwidth or quasi-monochromatic
pulses.[25-27] This approach treats the continuum pulse as a source of tunable single-
wavelength light, much like one would an optical parametric generator, but with strong
advantages: First, unlike when using an OPG, the ultrafast continuum does not need
realignment/tuning for each wavelength. Second, to access a wide range of wavelengths
with an OPG several different crystals must be used, each requiring unique optimized
alignment. Furthermore, even the smallest OPGs require considerably larger bench space
than a white-light generating cell or crystal. Thus, a well-characterized supercontinuum
pulse can be a handy source of tunable monochromatic light.

As previously mentioned, the generating process introduces a considerable chirp
in the continuum pulse, thereby broadening it in time. For example, our ~100 fs 800 nm
generating pulse creates a ~10 ps continuum pulse from 1.0 cm of H,O. Such
considerable broadening may seem to render the continuum pulse unusable for ultrafast

(fs) spectroscopy, but this is not the case. In general, our continuum pulse may be viewed
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as a train of noninteracting bandwidth-limited probe pulses.[20,27] Each of these pulses
is thought to have narrow Gaussian spatial, temporal, and spectral profiles. With this
approximation, the continuum pulse may be treated as a source of tunable ultrafast
monochromatic pulses. Tunability is obtained by narrow-band filtering the spectrum and
time-varying the arrival time of the pulse to correct for chirp. To confirm the validity of
this approximation, we have set up a standard Kerr gate, and conducted cross-correlation
measurements between a coherent 800 nm pump pulse and the continuum pulse.[28-30]
The experimental layout is presented in Fig. 8.2. For quantitative optical Kerr
measurements, it is important to have high Kerr-gate extinction ratios, in order to
maintain a strict square dependence on pump power.[28,31] This may be somewhat
difficult to achieve with a broadband pulse, as even the best “broadband” Glan-laser
polarizers are somewhat dispersive. Thus, it should be noted that extinction ratios of only
about 300:1 are obtained, and that one orientation of the polarizer yields better extinction
than that 180° removed. Kerr measurements in a ~1 mm-thick glass slide are output to
both an amplified Si photodiode and to a fiber-coupled spectrometer for chirp analysis.
Data collection from the spectrometer is not automated, so the time delay is moved
manually for about 50 different stage positions (pump time delays) and the spectrum at
each position is measured. Figure 8.4 presents this data, which represents a spectral view
of the chirp present in the continuum beam. From Fig. 8.4, the validity of treating the
continuum pulse as noninteracting bandwidth-limited pulses becomes apparent, as at any
given delay time, the gated portion of the continuum follows a typical Gaussian profile.
All of the selected ‘continuum pulse slices’ appear Gaussian, with some broadening at
longer wavelengths. 460 nm pulses are 7 nm wide (FWHM), while 950 nm pulses are 50
nm wide. Figure 8.5 presents a more traditional way of looking at the pulse chirp. Here,
the pulse wavelength increases with increased pump pulse delay time (top axis), or
alternatively, with pump delay stage position (bottom axis). Clearly, white-light
generation in water does not yield a linearly chirped pulse, and the curve in Fig. 8.5 is

quite steep. As expected from GVD in water, the red portion of the pulse arrives before
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the blue portion, and the entire spectrum is thus spread from 100 fs to over 7 ps. In order
to obtain quantitative spectroscopic results with a white-light continuum pulse, it is
important to calibrate signals for this chirp. This is equally important for both the single-
shot measurements and for incremented quasi-monochromatic measurements. [20,25,27]

We fit the measured chirp curve by extrapolation/interpolation, and use this for future

calibration to account for pulse chirp.

Photodiode Spectral Response Calibration and Single-Shot Kerr Measurements in
Glass: Kerr response from silica glass is known to have an nearly instantaneous time
response. Thus obtaining the Kerr response with the entire continuum probe beam proves
to be instructive for understanding the difficulties facing single-shot continuum
spectroscopy. Because the probe pulse is considerably chirped, the typically symmetric
130 fs FWHM Kerr response is replaced with an asymmetric drawn out curve that
follows both the wavelength-dependent material nonlinear response and the photodiode
spectral response. Since the glass slide should only display ultrafast electronic
nonlinearities,[28] we are still operating in the noninteracting bandwidth-limited probe
pulse regime. Thus, the spreading of the Kerr response is primarily due to the pulse chirp.
Nonetheless, the intensity of the response varies depending on X(B)(a)). Furthermore, the
amplified Si photodiode also has a nonuniform spectral response which must be
calibrated. Figure 8.6 presents the 800 nm pump-full-bandwidth probe and the 800 nm
pump-900 nm filtered probe Kerr responses from a ~1 mm glass slide. The inset in Figure
8.6 shows the spectral response of the Si photodiode.[32] As can be seen in this figure,
the Kerr response with a continuum-filtered 900 nm probe pulse is the typically
symmetric, 130 fs (FWHM), response. The full-continuum response, however, is
stretched in time, and appears to have a flattened peak profile, that may be a tell-tale sign
of group velocity dispersion and pump-pulse walk-off.[33]

Correcting for photodiode spectral response only provides a minor correction to

the raw Kerr signal. A much larger experimental artifact—and one that proves to be
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considerably more problematic—is the calibration of the Kerr signal to the continuum
probe’s spectral intensity. Figure 8.7 overlays the photodiode response-corrected
broadband-probe Kerr signal with the chirp-calibrated continuum spectrum. Hence, the
spectrum is actually visualized here as light intensity as a function of pump delay time,
much as the Kerr response is obtained. The Kerr response is a nonlinear optical process
and is thus intensity dependent. For this experimental setup, the Kerr response should
display a linear increase with probe intensity. Thus, we need to correct the full-continuum
Kerr response in glass to the actual incident light intensity present at each delay time.
Figure 8.7 presents the chirp-intensity corrected Kerr signal, showing that this calibration
introduces a far more significant modification to the raw signal. Because the continuum
intensity profile is so sharply peaked at a pump delay time of 2 ps (or 800 nm)—having a
large un-depleted generating pulse component—this calibration has a large degree of
uncertainty. Small error in delay time will cause large artifacts in the corrected signal. In
the case of Fig. 8.7, the spectral intensity and Kerr signal were obtained hours apart, and
may represent a slight drift in beam position and thus a drift in the precise delay time. It
is likely that the post-correction features found between 1.8 ps and 2.5 ps may simply be
correction artifacts. Also, it is possible that the spectrometer was saturating at the peak
wavelength of 800 nm, and thus calibration at this range is unreliable.

The fully-calibrated Kerr signal displayed in Fig. 8.7, seems to show very small
dispersion of ¥®(®) in glass in the 780-450 nm range. This, of course, assumes that the
Kerr response is instantaneous at this range. The absorption edge for silica glass is in the
near-UV range and these measurements are thus far removed from resonance; supporting
the idea of a mildly-dispersive response at the continuum-probe’s spectral range. This
feature was, perhaps, directly confirmed in Fig. 8.4, where the spectrum remained scaled
to the spectrometer-detected pulse slices from around 750 nm to 450 nm. Again, the
sharp downturn in response seen around 800 nm in Fig. 8.7, may be inferred from the

scale mismatch at this position in Fig. 8.4.
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Figure 8.6: 800 nm pump continuum probe Kerr measurements in ~1 mm thick glass; raw, corrected for

phtodiode response, and quasi-monochromatic at 900 nm probe. Inset: the spectral response of the Thorlabs
PDASS Si photodiode.
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Figure 8.7: Chirp-intensity correction of single-shot Kerr measurements in glass. The Full continuum
intensity as a function of delay time is mapped from the white-light spectrum of Fig. 8.3 and the calibrated
chirp of Fig. 8.5. This, in turn, can be used to calibrate the single-shot broadband-probe Kerr response in
glass to the actual available light intensity, effectively yielding the probe-frequency dependent Kerr
response, where pump delay time correlates to wavelength within the pulse.
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8.3 Time-resolved Non-degenerate Nonlinear Absorption
Measurements in an Organic Material:

The primary goal of setting up the continuum-generation experiment is to obtain a tool
for the time-resolved measurement of the two-photon absorption (TPA) spectra of
various samples. Ultimately, one would be able to use an intense continuum beam for
both pump and probe arms, and thus have complete spectral control, allowing for both
degenerate and non-degenerate measurements. In the context of TPA, degenerate
measurements refer to the absorption of two like-wavelength photons; for example, two
700 nm photons to promote a 3.5 eV transition. One photon would come from the pump
beam and one from the probe beam. In a nondegenerate TPA experiment, the pump and
probe wavelengths are different, allowing for, say, an 800 nm pump photon and a 620 nm
probe photon to be simultaneously absorbed to promote a 3.5 eV transition.
Theoretically, the probability of transition (TPA cross-section) could be considerably
different for these two mechanisms, as each of the wavelengths may couple differently to
intermediate virtual states.[3,34] Thus, nondegenerate TPA measurements yield more
complex TPA spectra, but may also allow for more complete investigation of the excited-
state energetics of a given sample. With our DOKE system, we are currently set-up to

conduct non-degenerate TPA measurements only, because our intense pump pulse is

fixed at 800 nm.

Non-Degenerate Two-Photon Absorption in MPPBT: We have attempted to measure
the time-resolved nonlinear absorption (NLA) dynamics in an MPPBT sample at various
continuum-derived filtered probe wavelengths. Obtaining the precise non-degenerate
®(w,, @) values requires considerable calibration that goes far beyond that described in
the previous (sub)section. However, observing a qualitative difference in NLA signal at
various wavelengths represents proof-of-principle for illustrating the power and

usefulness of the continuum-probe for ultrafast spectroscopy. For nonlinear absorption
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measurements, we use A 10 mM sample solution of MPPBT in DMSO in a 1.0 mm path-
length quartz cuvette. We conduct a typical transient absorption experiment: First, the
pump and probe polarization are set parallel with each other, to remove any Kerr signal
(which is typically measured when the pump polarization is 45° to the probe). Next, the
gate is slightly uncrossed, so that a small amount of baseline probe light can be detected
on both the photodiode and spectrometer, as pictured in Fig. 8.2. The probe signal from
the photodiode is detected by the lock-in amplifier at the pump-chopped frequency of 270
Hz, thereby allowing for the selective measurement of only pump-induced effects. By
allowing a small amount of leakage light to pass to the spectrometer, we are able to
monitor the spectrum of the filtered continuum probe pulse while also maintaining a
constant intensity of probe light incident on the sample. We fix the amount of leakage
light, as detected by the spectrometer by careful attenuation of the pre-sample probe light.
Thus, unlike for the Kerr measurements described in the previous (sub)section, there is
no need for the drastic continuum-chirp-intensity correction in these NLA measurements.
Ultimately, a probe reference detector arm should be set up for real-time pulse intensity
monitoring and subsequent calibration. We conducted measurements at five continuum-
filtered probe wavelengths; 634 nm, 700 nm, 750 nm, 800 nm, and 850 nm. The raw
transient absorption signals from MPPBT at wavelengths of 800 nm, 700 nm, and 634
nm, are presented in Fig. 8.8a. The measurement at 800 nm essentially represents a
degenerate TPA measurement, and should conform to numerous measurements
conducted on this sample with the DOKE setup; providing for an independent calibration

of 62800 nm). A quantitative summary of non-degenerate NLA measurements on

MPPBT are presented in Table 8.1.
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Table 8.1: A quantitative summary of nondegenerate nonlinear absorption measurements
on a 10 mM sample solution of MPPBT in DMSO.

Aprove )"degen(q) .®  FWHM TPA Signal s © W
Signal
(nm) (nm) (ps) (fs) (raw) (photodiode  (calibrated (previous,
(a.u) response to 800 nm) degenerate)
corrected) (GM) (GM)
634 707 None 190 2.7 3.6 931 475+ 60
700 747 22+10 270 4.5 53 1361 930+ 90
750 774 >5 ps 330 24 2.6 670 750+ 75
800 800 >5 ps 330 2.4 2.5 645 645 + 80
850 824 Exists 410 14 1.4 360 410+ 60

()

(o)

(@
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Equivalent wavelength for degenerate TPA measurements
Excited-state absorption (ESA) exponential decay times. None: no ESA observed.
Exists: ESA is present, but decay dynamics are unresolved.
Photodiode signals have been scaled to give the same o values for 800 nm non-

degenerate and degenerate measurements. Uncertainty value is considerable and
as of yet unaccounted for.

Most recent 62 values for MPPBT as measured with z-scan.
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There are a number of factors that complicate the quantitative assignment of
precise oP-values from our nondegenerate pump-probe experiments. As described
previously, photodiode spectral response must be accounted for. This is done as described
for Fig. 8.6. Accounting for the different spectral intensities of the continuum, as well as
for the transmission efficiency of the various band-pass filters used to select the probe
wavelength, can be done pre-measurement, by direct attenuation of the probe light before
it passes through the sample. The largest uncertainty, however, arises from group velocity
dispersion (GVD) and pump-probe pulse walk-off effects.[20,27,33] In a degenerate
pump-probe experiment, such as our DOKE experiments, the pump and probe pulses
have the same wavelength, and thus maintain a constant phase (difference) as they pass
through the sample. For example, at an assigned “pump delay time of 0 ps”, the pump
and probe beam arrive at the entrance surface of the sample cell at the same time, and
travel together throughout the sample. Thus the probe beam experiences a maximal
cumulative cross-phase modulation. In non-degenerate pump-probe experiments, the
simple dispersion in index of refraction of the sample will make the pump and probe
pulses travel at different speeds. Thus, the assigned “pump delay time of 0 ps” can only
truly correspond to a unique time and location in the sample; the pump and probe beams
do not travel with a constant phase difference in the sample. The pump beam will either
run away from the probe pulse or will lag behind. This effect necessarily leads to
diminished cross-phase modulation and a decrease in any nonlinear optical signal,
including TPA action.[35] We estimate that in a 1 mm path-length dilute sample in
DMSQO, the time lag may be as large as 30 fs. Ziolek et al. estimate a lag as large as 100
fs for a 400 nm pump-600 nm probe experiment in 1.0 mm of water.[33] For Gaussian
pulse cross-correlation, this may lead to a considerable decrease in integrated signal.[27]
Simple GVD-affected pulse walk-off can create considerable changes to both the
intensity of light transmitted and to the measured temporal response in a transient
absorption experiment. Considerable GVD can broaden, flatten, and shift the detected
NLO response to longer times.[27] Thus, GVD must be corrected for, even for

rudimentary comparisons of our non-degenerate two-photon absorption signals. Ziolek et
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al. have derived and provided expressions for universal GVD correction for femtosecond
pump-probe experiments assuming that the laser beam parameters are known, that the
beam chirp is well mapped out, and that one knows the linear dispersion of their optically
active material.[33]

The dispersion in the nonlinear optical index of refraction also introduces pulse

walk-off issues, but is expected to be orders of magnitude smaller than linear GVD.[20]

Setting aside GVD correction, there are other direct issues that impact the
comparison of degenerate and non-degenerate TPA cross-sections. The complete sum-
over-states description of two-photon absorption accounts for the use of many (all) states
to act as virtual states for intermediate transitions.[34,36-38] Thus, the coupling between
any one photon and a virtual state will intimately involve the photon energy. For
degenerate TPA, both photons are of the same energy. However, for non-degenerate
TPA, each photon has a unique energy that may be differently resonant with various
levels. Thus, two-photon absorption action is not expected to be the same between, say, a
700 nm pump—probe experiment and a 620 nm pump—800 nm probe experiment. In fact,
non-degencrate TPA spectra are best compared between experiments with the same pump
wavelength. On the other hand, assuming that for these continuum-probe measurements
the pump and probe wavelengths are sufficiently close as to yield roughly the same trends
as those for degenerate measurements at the average energy, we can see that the
measurements of TPA from MPPBT roughly follow previously established trends in
degenerate 0®(w). The nondegenerate 0(2)(0)) values given in Table 8.1 follow the same
trends as the degenerate values, with the exception of the 800 nm pump-634 nm probe
trial. The 700 nm probe experiment yields the largest TPA, and is compared with a
degenerate wavelength of 747 nm. The 850 nm probe experiment yields the lowest TPA,
and is compared with a degenerate wavelength of 824 nm. It is, perhaps, not surprising
that the 634 nm probe experiments deviate the most from their degenerate analogues
since GVD effects (and sum-over-states detuning conditions) would be largest for the

greatest pump-probe mismatch.
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Excited-State Absorption Dynamics: In addition to demonstrating the ability to
measure the ultrafast non-degenerate TPA response of an organic sample, we are also
able to measure the TPA-accessed excited-state absorption dynamics of the samples. An
example of this is shown in Fig. 8.8b for MPPBT probed at 700 nm. Here, we measure
absorption of 700 nm probe light after initial excitation by an intense 800 nm pump
beam. Similar measurements with the DOKE setup have shown MPPBT to re-absorb 800
nm light after initial TPA at the same pump wavelength. DOKE measurements have
shown this excited-state absorption to decay exponentially, with a decay time of 30+2 ps
(see Chaper 2). Similarly, in the continuum-filtered probe experiment, excited state
absorption is detected. The 700 nm probe ESA shows a decay rate of with a rate of 22+10
ps, as shown in Fig. 8.8b. The large uncertainty is due to noise, which may be preventing
the extraction of longer decay times in the 800 nm and 750 nm probe responses. Thus, the
continuum-probe dynamics are in good agreement with our DOKE results, and
demonstrate that the white-light setup can be used for further measurements of excited-
state absorption processes in materials of interest. In addition, most of the calibration
issues that hinder the analysis of instantaneous two-photon absorption do not impact
longer-lived excited-state absorption dynamics. For example, a pulse walk-off of 100 fs,
that may seriously affect TPA measurements, does not drastically change the 22 ps decay
rate of ESA in MPPBT. Furthermore, if one is interested in decay dynamics, the exact
intensity of the signal is of secondary concern, and thus other calibrations, such as the
photodiode’s spectral response, become irrelevant. The power of this technique is
immediately evident by the stark difference in ESA dynamics as MPPBT is probed with
various wavelengths. While 800 nm and 700 nm probe yield a strong ESA signal that
display essentially the same decay, at the highest investigated probe energy, 634 nm, no
ESA is observed at all. This seems counterintuitive, as one expects a multitude of energy
levels above the TPA access state, one of which should be sufficiently resonant as to
allow for absorption of 2.0 eV. Clearly, measurements of the non-degenerate absorption
dynamics of organic materials can probe new phenomena that are inaccessible by typical
degenerate pump-probe techniques. Within this framework, an H>O generated continuum

is a great source for broadband probe light.
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Figure 8.8: Non-degenerate transient absorption measurements of MPPBT at three continuum-filtered
probe wavelengths. (a) On-peak two-photon absorption is measured while long decay tails represent
excited state absorption of a probe photon from a pump beam 800 nm TPA-access state. The transient
signals were shifted in time to give the same peak position for dynamics comparisons. (b} Exponential
decay of the excited-state absorption at a probe wavelength of 700 nm, showing a best-fit of 22 +10 ps
mono-exponential decay past 1 ps probe delay time.
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CHAPTER 9:
SUMMARY AND FUTURE WORK

Materials with large ultrafast third-order optical nonlinearities are desireable for a
variety of technological applications. Traditionally, materials with large birefringent
(Kerr-like) and negligible absorptive (two-photon, for example) nonlinearities have been
sought for all-optical switching applications.[1] Recently, however, two-photon
absorption (TPA) has emerged as a technological process of interest in its own right, and
has sparked considerable interest towards finding materials with large nonlinear
absorption activity.[2] The birefringent and absorptive nonlinearities correspond to the
real and imaginary components of the complex third-order susceptibility, x*. Many
commonly-used nonlinear optics (NLO) techniques, such as homodyne Kerr gates, third-
harmonic generation (THG), two-photon excitation fluorescence (TPEF) and single-beam
attenuation, can only measure either the birefringent or absorptive nonlinear component.
For the complete analysis of third-order optical nonlinearities, there is need for simple
techniques that can obtain both the real and imaginary components of %®. Furthermore,
the incorporation of femtosecond time-resolution is desirable for the study of ¥ (and
higher order[3,4]) dynamics. We have designed an ultrafast differential optical Kerr
effect (DOKE) detection technique to be able to time-resolve both the real and imaginary
optical nonlinearities of various sample systems. We have previously outlined the
development and use of the DOKE technique for studying the Kerr nonlinearities in
organic compounds.[5] In the current work, we have further outlined the extension of
DOKE to the measurement of TPA and TPA-accessed excited-state absorption dynamics
in a variety of organic samples. While all materials possess third-order nonlinearities,
organic compounds with extended conjugation paths (an alternation of single and

multiple bonds) are at the forefront of ultrafast NLO research due to their large electronic
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nonlinearities. Organic compounds, however, provide an immense versatility of design.
Thus, the engineering of compounds suitable for use in technological applications will
require specific knowledge of structure-property relationships.[6,7] Towards this end,
among others, we have studied the nonlinear optical properties of several classes of

organic compounds with a variety of conjugation schemes.

We have used the DOKE technique at 800 nm to study both the birefringent
nonlinearities and two-photon absorption of a class of sp-hybridized polyyne oligomers.
We have found power-law trends in both the decreasing absorption energy and increasing
third-order molecular hyperpolarizability, y, as a function of oligomer length (and hence,
conjugation length). Neither trend shows any signs of the onset of saturation by the size
of the longest oligomer (decayne; 20 consecutive carbons). The largest polyyne
investigated, TIPS-10yne, yields the largest hyperpolarizability of ¥=650x10"® esu. The
hyperpolarizability increases with the number of repeat units 7 according to y~n"", which
is the largest exponent reported for any quasi-one-dimensional conjugated compound.
This finding is contrary to all reported theoretical findings, which predict poly(yne)
power-law exponents to be lower than those of pol(eyne)s and/or poly(enyne)s. Our
reported polyyne power-law trend in y, combined with that of the absorption energy,
compares extremely well with recent theoretical predictions regarding the linear and
nonlinear optical behaviour of strictly 1-D systems. Thus, polyynes, which are extremely
linear geometrically, are also so optically and electronically. We have further shown that
the optical nonlinearities can be increased considerably by end-capping the polyynes with
phenyl groups—without detrimental changes in the power-law trends. Furthermore, 800
nm studies of two-photon absorption in polyynes has suggested a reversal of standard
chromophore energy-level ordering, indicating a two-photon accessible, one-photon
forbidden, level below the lowest one-photon allowed level.

We have extensively studied the third-order nonlinear optical properties of two-
dimensionally conjugated cruciform donor/acceptor-substituted tetrakis(phenyl-
ethynyl)benzenes (TPEBs). We have utilized an ultrafast z-scan technique to measure the
TPA spectra from 580nm-1150nm. We used DOKE detection at 800 nm to probe the
dynamics of both the real and imaginary parts of the third-order nonlinear response. We
also used 400 nm pump-800 nm probe transient absorption measurements to further study

the absorption dynamics in these compounds. In one species, TD-TPEB, all four arms
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are donor-terminated. The other three molecules form a set of structural isomers in which
the conjugated arms are terminated with two acceptors and two donors. These
compounds are named according to the respective donor-arm linkages across the central
benzene ring; forming ortho-TPEB, meta-TPEB and para-TPEB. TD-TPEB and para-
TPEB are both quadrupolar, and therefore lack permanent dipole moments. ortho-TPEB
and meta-TPEB are dipolar. From the z-scan measurements, we find that the all-donor
sample shows the highest peak TPA cross section, with @ = 520430 GM at a
wavelength of 710 nm. The total energy of transition at the TPA peak is significantly
blue-shifted with respect to the lowest one-photon transitions, as seen from the UV-vis
spectrum. The dipolar samples ortho-TPEB and meta-TPEB display similar TPA spectra
that closely follow the lowest one-photon absorption (in total photon energy), as would
be expected in dipolar molecules. meta-TPEB and ortho-TPEB yield o = 440+20 GM
at 940 nm, and 400+20 GM at 860 nm, respectively. Like TD-TPEB, para-TPEB is
quadrupolar, and thus shows a blue-shifted TPA spectrum. This sample, however, yields
the lowest overall cross-section maximum, with 6@=240+20 GM at 750 nm—nearly half
that of the other TPEB samples. These findings help to support the growing belief that
adding multiple donor groups at the end of conjugated paths significantly increases TPA
activity as compared to adding both donors and acceptors. Furthermore, comparisons
between our dipolar and quadrupolar D/A molecules shows that in the case of TPEBs, the
dipolar motif yields higher ¢® than a quadrupolar substitution symmetry. This is
probably due to a lack of the desirable para-conjugated D> A routes in the quadrupolar
species. Pump-probe measurements show that all of the TPEBs display both excited-state
absorption and excited-state birefringence at 800 nm. With the exception of TD-TPEB,
the three isomers show a clear 1-5 ps decay time from the two-photon state to the excited-
state from which subsequent 800 nm probe-beam absorption takes place. Absorption
from this excited-state is then seen to decay exponentially, with 20-40 ps time scales. The
decay times observed in both the birefringent and dichroic signals are similar.
Furthermore, these decay rates are consistent with those observed from one-photon
pumped transient absorption measurements, indicating that the same excited-state
dominates in samples pumped by either two-photon- or one-photon-absorption. Excited-
state absorption is also present in TD-TPEB, and is seen to decay with a much longer
time constant of =300 ps. In 800 nm DOKE studies of the real component of the

nonlinearity, its sign was found to correlate to the spectral position of the two-photon
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resonance, with meta-TPEB and ortho-TPEB displaying negative electronic
nonlinearities, para-TPEB displaying negligible nonlinearities, and TD-TPEB showing a
positive y-value. We have shown that TPEBs are excellent two-dimensionally-conjugated
systems for investigating both the effects of polar/multipolar geometry and donor-
acceptor substitution patterns on nonlinear optical properties. We have shown that it is
not generally true that quadrupolar geometry is superior to dipolar geometry for
maximizing TPA. Furthermore, we have shown that the nonlinear optical activity of
molecules with a central benzene core are dependent on the specifics of their structural
design, wherein small changes within our series of TPEB isomers lead to significant
differences in their Kerr and nonlinear absorption response.

We investigated the third-order NLO and nonlinear-absorption properties of a bis-
fullerene-terminated conjugated oligomer using the DOKE detection technique. The
measured third-order nonlinear-optical coefficients for quadrupolar fullerene derivative
Ceo-quad-SOPE are approximately double those of its OPE precursor quad-50PE at
800 nm, while nonlinearities for pristine Cso are negligible. Cgp-quad-SOPE displays
significant two-photon absorption at 800 nm, with 6®=140+40 GM, compared with
dP=65£10 GM and 6@=28+8 GM for quad-SOPE and a mera-linked octupolar
copmpound oct-SOPE, respectively. The molecular second-hyperpolarizability at 800 nm
is also non-negligible for these compounds, ranging as high as (10+3)x10™* esu for Cgo-
quad-SOPE. Whereas the doubling of y and 0@ in Ceo-quad-SOPE could typically be
explained by increases in conjugation length commensurate with a significant red-shifting
of Amax, N0 such shift is observed in the absorption spectra in going from quad-5OPE to
Ceso-quad-5OPE. Therefore, the differences in optical nonlinearities between the pure
OPEs and the OPE-fullerene hybrids suggest a synergistic interaction between the
conjugated OPE backbone and terminal fullerenes. Evidence for charge transfer from the
conjugated backbone to the terminal fullerenes is further supported by the comparisons of
the excited-state absorption dynamics of the compounds. Whereas both of the pure OPE
frameworks display similar excited-state absorption, end-capping with fullerene (in Cgo-
quad-5OPE) yields a compound that only displays instantaneous two-photon absorption.
Finally, this fullerene-terminated OPE displays sizable 3 and ¢®-values that are
consistent with other Cqo derivatives reported in the literature. Thus, our findings are
potentially instructive to guiding the molecular design and engineering of organic-based

electronic and nonlinear optical materials.
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We have studied the structural, optical, and nonlinear optical properties of per-
phenylated cross-conjugated iso-polydiacetylene oligomers, with up to n=15 repeat units.
Their electronic absorption behavior indicates an effective conjugation length of
approximately n=7-9. The iso-PDA oligomers show steadily increasing fluorescence
intensity as a function of chain length, and the emission wavelength red-shifts slightly
from the dimer to the heptamer. Beyond the length of the heptamer, the emission energy
remains essentially constant. The third-order NLO properties of the iso—PDAs were
studied by the DOKE technique at a wavelength of 800 nm. the iso-PDA oligomers
display a super-linear increase in y-value as a function of chain length. The best fit to the
NLO data shows two linear regimes, suggesting an increased order in the system, likely
due to helical folding. While we have not established definitive proof of a folded
conformation for extended iso-PDAs, empirical evidence of this conformational presence
is provided by molecular modeling studies as well as UV/Vis and NLO spectroscopy.
The superlinear increase in y as a function of oligomer length is the first of its kind
reported for (through-carbon) cross-conjugated systems. Compared with the y-values
obtained from the polyynes, the iso-PDA oligomers are relatively poor NLO materials.
The 15-repeat-unit iso-PDA-15 showed the largest nonlinearity, with y=310x10°¢ esu.
This nonlinearity is only half as large as in the #=10 polyyne TIPS-10yne, yet the iso-
PDA is approximately 10 times as heavy

Finally, in an effort to extend the wavelength capability of our DOKE technique
beyond the single wavelength of 800 nm, we have conducted preliminary research into
establishing an 800 nm pump-white-light probe layout. The use of a stable 450-1100 nm
supercontinuum beam generated from a 10 mm path-length water flow-cell has been
shown for ultrafast pump-probe measurements of optical nonlinearities in a glass slide
and a two-photon absorbing standard. We have outlined the necessary calibrations to
pulse-chirp, photodiode spectral response, and continuum spectral intensity. Other issues,
such as (linear and nonlinear) the effects of group velocity dispersion on pump-probe
temporal walk-off remain to be properly addressed. Ultimately, this experimental setup
will be used to probe the nondegenerate two-photon absorption spectra of organic

chromophores. Our preliminary results on the nondegenerate TPA response of MPPBT

are quite promising.
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Much of the work presented in this thesis has already been either published or
submitted for publication. There are, however, several unresolved issues and avenues of
research that should be explored in the near future: First, we are working to obtain the
two-photon spectra of extended polyyne oligomers. Our preliminary TPA findings on
these compounds suggest that the longer polyynes show a reversal of standard level-
symmetry ordering. It would be very interesting to investigate this issue further, and to
establish the polyyne size at which this cross-over occurs. These results would speak
directly to previous studies of this effect in polyenic systems,[8] further strengthening our
optical comparisons between the two oligomer classes. Furthermore, even at a strongly
detuned wavelength of 800 nm the longer polyynes show moderate TPA cross-sections.
These values are bound to increase with decreased detuning, and may display very large
double-resonance enhancement as the one-photon energy is approached. In this way, the
fairly sharp absorption edge of the TIPS-PY species may be utilized to give large TPA
action while retaining relatively good one-photon transparency.

A second issue that remains to be address in the future is the proper way to
analyze the absorption energy as a function of oligomer length. Through our polyyne
work, we have shown that these compounds follow a power-law decrease in absorption
energy edge as a function of repeat unit, with an exponent of ¢=-0.38. While it has been
traditionally common to fit this trend to a ¢=-0.5 or a ¢=-1 behavior, Bubeck e al. have
suggested,[9] and we have confirmed, that a free fit to a power-law provides far superior
agreement with experimental data. We have re-analyzed (re-plotted) the absorption
behavior of several previously reported polyynes, and find that most oligoynes follow a
strict power law behavior with little or no saturation. We further find these compounds to
fall into two distinct groups: those that display a ¢=-0.48 (very close to 0.5) exponent and
those that follow a ¢=-0.37 exponent. We plan to explore these curious preliminary
findings in the future.

A third avenue for future work should involve the development of the 800 nm-
pump-supercontinuum-probe technique for studying the nondegenerate two-photon
absorption activity of various samples. Ideally, a way to conduct single-shot experiment
will be developed. Such an advancement would see immediate and emphatic impact in

the NLO spectroscopy community.
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APPENDIX A:

TWO-PHOTON ABSORPTION AS A THIRD-ORDER
NONLINEAR PHENOMENA

In this appendix, the relationship between various coefficients used to describe third-
order nonlinearities is presented. In particular, the mathematical description of two-
photon absorption is introduced through analogy to linear absorption, showing how it
relates to the complex (nonlinear) index of refraction. Because the DOKE technique is
used to obtain the real component of the third-order susceptibility in addition to the

imaginary (absorptive) component, the relationships between coefficients that are used to

describe the Kerr nonlinearities and TPA are presented.

Deviations from linear optical behavior are observed when intense laser light is
incident on a dielectric. Second-order nonlinearities are absent in symmetric and isotropic
systems.[1] Furthermore, second-order effects give rise to optical responses at either
twice the incident frequency (second-harmonic generation, for example), or manifest as a
zero-frequency component known as optical rectification.[2] Third-order nonlinearities
can yield optical responses at higher frequencies (i.e. third-harmonic generation) or they
can modify the outgoing signal at the incident frequency. Thus, third-order nonlinearities
may be detected by monitoring the sample response at the original frequency, @.[3] One
manifestation of this nonlinear response is the modification of the dielectric index of

refraction, n(w).

In the absence of optical nonlinearities, the index of refraction is typically defined as

7 (@) = e(@) =1+ 1y (@), Al

where ¢ is the dielectric constant and y"(w) is the first-order optical susceptibility;

usually referred to as y(w). The index of refraction is a complex quantity;
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no(@) = n(w) +ix(), A2

Where n is the real component of the index of refraction and x is the imaginary

component that gives rise to the absorption coefficient, o @), through
c
K(w)=—a(w). A3
20

In this case, « is simply the Beer’s-law absorption coefficient that describes beam

attenuation according to
I=1e", A4

where L is the optical path length, and /; and 7 are the incident and transmitted optical
intensities, respectively. Through third-order optical nonlinearities, the index of refraction

is modified to become intensity dependent:[3,4]
@) = 1y(@) + 1, (@)1 . A5

Thus, the optical nonlinearities represent a small perturbation that grows with laser

intensity. Squaring Eqn. A.5:
n*(@) = (1,(0) + m, (@)}
=115 (@) + 217, (@)1, (@)1 + 715 (@), A6

= 115 (@) + 2, (@)1, (@)1

to first order in 7,. This approximation will typically hold, given the fact that for standard

NLO response and intensities, 7,/ <0.017.[5] In analogy to Eqn. A.1,[3]
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n° (@) =1+ ¥4 (@)

=1+ 7" (@) + 3 1% (~w;0,~0,0)] A7
2cgyn, (@)
2 3 ®
=Myt ———— ¥ (0,0-0,0)]
o 2cgyn, (@) 2 )

where g is the permittivity of free-space, ¢ is the speed of light, / is the incident light
intensity and ;3(3)(—0); w,—o,m) is the degenerate third-order susceptibility; a fourth-rank
tensor.[4] It may be noted that in the case of third-harmonic generation, a modified
susceptibility is accessed, namely f”(j’w;w,w,a)).[l] The nonlinear index of refraction

may thus be extracted from Eqns. A.6 and A.7:

3
n* (@) =15 (0) = ————— ¥V (~0;0,~0,0)I = 2n,(0)n, ()] AT
2cgyn, (o)
and
o)z ———— ¥ (0 0,~0,0). A8
1, (@) doeyn? (a))Z ( )

The value 7,(w) is the nonlinear index of refraction that gives rise to both the optical Kerr
effect and two-photon absorption. Like the linear index of refraction, the nonlinear index
is a complex quantity that may be given by,

772(0))2”2(0’)”’(2(@), A9

in analogy to Eqn. A.2. Here, the nonlinear index of refraction is proportional to the real
component of the third-order susceptibility, and may be obtained (trivially) from Eqn.
A.8;
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n,(w) = Re[;(m (—w;0,~o, a))], A.10

degynl (o)

and the change in the (real) index of refraction is proportional to both 1(3) and light

intensity via,

An = n,(0)] = Re[;((”(—a);w,—a),a))]l ; A.ll

degyn] (o)

defining the optical Kerr effect.[4]

Likewise, by analogy to linear absorption and Eqn. A.3, the two-photon absorption

coefficient emerges as a third-order nonlinearity via,

3 c
kK, (w) = Im|7® —0,0,—0, 0 =—aP(w); A.12
@)= Pl )= 5 @)
and
k1%
a®(w)=————Im|y® (~w; 0,0, v)|, A.13
(@) 2c280ng(a)) [Z ( )]

where x»(w) (unlike the unitless x(w) ) has units of m%/W. This absorption coefficient
describes intensity-dependent absorption as intense light propagates through a dielectric.

Beam depletion in the presence of TPA is given by

ol

5_—04—05(2)12. A.14

Note that in the absence of TPA, this reduces to Beer’s law (Eqn. A.4). Thus, o ® (with

units of m/W) is analogous to ¢ (in units of m™). Implication of Eqn. A.14 to the direct

measurement of TPA are expanded on in Chapter 3.
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nm, and o® are bulk properties. In order to describe structure-property
relationships, the intrinsic NLO response of individual molecules needs to be described.
To do this, microscopic—or molecular—coefficients are used most often. For
birefringent nonlinearities, y is most often used.[2] This, the second hyperpolarizability
(or alternatively the “second molecular hyperpolarizability”, or “third-order

hyperpolarizability”) scales n, by the molecular number density and local field factors,
such that

Re[g(” (~o;,0,~o, a))]

(y(~o;0,~0,0)) = N

. A.l5

where <> is the rotationally-averaged second molecular hyperpolarizability,[2] L* is the
Lorentz field factor that accounts for the optical field in the (dielectric) vicinity of the
molecules (L=(n*+2)/3) and N; is the molecular concentration. y is typically reported in
esu units, where ;((3) is also in esu units and N, is in cm™.

For absorptive nonlinearities, the TPA cross-section, o(w), is the most commonly

reported coefficient, where

@ (o) = %ﬁa”) (@), A.16

and is further related to ;((3 ) by

3(hw)

)
o' (w)=
(@) 2¢,c’hn} (w)N,

Im[3® (~0; 0,-0,0)), [6] A7

where 0(2)(a)) is typically reported in units of cm4-s-photon'1-molecule" or Gdppert-

Mayers, GM (1 GM = 10™° cm4-s-photon'1-molecule'l).

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX A: TPA AS A THIRD-ORDER NLO PHENOMENA

A.l

(1]

(2]

3]

4]

6]

References

P. N. Butcher and D. Cotter, The Elements of Nonlinear Optics (Cambridge
University Press, Cambridge, 1990).

P. N. Prasad and D. J. Williams, Introduction to Nonlinear Optical Effects In
Molecules & Polymers (Wiley Interscience, New York, 1991).

A. D. Slepkov, Third-Order Nonlinearities of Novel iso-Polydiacetylenes Studied
by a Differential Optical Kerr Effect Detection Technique, M.Sc. thesis.
University of Alberta, Edmonton, 2001.

R. L. Sutherland, D. G. McLean, and S. Kirkpatrick, Handbook of nonlinear
optics (Marcel Dekker, New York, 2003).

H. S. Nalwa, Chapter 11: Organic Materials for Third-Order Nonlinear Optics,
in Nonlinear optics of organic molecules and polymers, edited by H. S. Nalwa and
S. O. Miyata (CRC Press, New York, 1997), pp. 571-609.

E. Zojer, D. Beljonne, T. Kogej, H. Vogel, S. R. Marder, J. W. Perry, and J. L.
Brédas, J. Chem. Phys. 116, 3646 (2002).

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B: CONCERNING DOKE POLARIZATION CONDITIONS

APPENDIX B:
CONCERNING DOKE POLARIZATION CONDITIONS

In a previous work, we used Jones matrix notation to derive the standard DOKE
equations; namely, Eqns. 2.1 and 2.3.[1] Third-order nonlinearities induce a complex
phase delay in the probe beam, given by¢ =¢ +ig . A linearly polarized pump beam
will induce a different nonlinearity parallel and perpendicular to its polarization. Thus, in
choosing coordinates x and y to denote the two polarization directions, we can delineate
the more rigorously defined nonlinear phase difference between the two polarizations.
Hence, ¢ is composed of ¢, and ¢,. By defining ¢, as the common phase, we describe the
nonlinearities in terms of the induced phase difference, A¢xy =@, — ¢, . These quantities
remain complex, with the real component providing birefringent-induced polarization

changes and the imaginary component providing dichroic polarization changes.

Some of the abbreviations used in the following treatment are found in Table B.1.
Note that brackets after a matrix symbol denote angle of alignment or the angle of
pumping polarization. For example, A/4(45) represents a quarter-wave plate oriented with
the fast axis at 45° to the horizontal; while S(90) represents a sample pumped with a
vertically polarised pump beam. All angles are with respect to the horizontal, where
positive angles denote counter-clockwise rotation when looking along the beam

propagation direction.
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Table B.1: Some symbols and matrix representations for various optical elements.

Symbol Description Matrix Notes
Representation
Quarter-Wave i 0 Fast axis aligned 45 degrees
A4(45)
Plate 0 1 to horizontal
0 Allows only, y (vertical
P Polarizer
1 light) through
Differential
Separates the horizontal from
DA Analyser [1 1]
the vertical light.
(Wollaston Prism)
Sample is a retarder,
w|l 0 allowing a relative phase
S Sample e ind,,
0 e retardation between the x and
y polarized light
R(45 Rotation Matri L Rotation of 45 d
45 otation Matrix Al otation of 45 degrees
) cosé —sind )
R(3) Rotation Matrix . General rotation matrix
sind coso
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B.1 Position-Dependence of the Probe Quarter-Wave Plate

As mentioned in §2.2, DOKE detection employs a quarter-wave plate in the probe
arm, which is set to circularize the probe polarization; a practice similar to that used in
free-space electro-optic sampling.[2,3] However, the differential detection schemes
employed in free-space electro-optic sampling experiments routinely place the quarter-
wave plate after the sample (or equivalent position), whereas the DOKE technique
always utilizes the quarter-wave plate in the probe arm before the sample. In the
following section we show that although the birefringent polarization condition is
insensitive to the position of this optical component, for proper detection in the dichroic

polarization condition, it is imperative that the quarter-wave plate be placed before the

sample.

The First Birefringent DOKE Condition With the Quarter-Wave Plate Before the
Sample: This experimental setup involves pumping the sample at 45° to the horizontal.
Furthermore, the probe is circularly polarized with a quarter-wave plate with its long axis
is oriented at 45° to the at-present vertically polarized probe beam. Such an arrangement

is described by P(90)-1/4(45)-S(45)-DA(0). In this case, the detector signal matrix is
given by

1 1 11 0 1 Ol =140
D=—¢% iad , , B.1
2 -1 1]J0 e ™ O 7)1 1|1

D . —_ . 1A¢xy
p=| F | Lew|lrie T B.2
D, i 2 | 1+ie™™

Separating the x and y components with a (Wollaston) differential polarizer yields,
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I, =D.D; L 'M( 1+ ie "% X 1—i "MW)
4

=2 e (1 i e I )

3¢

1 2¢ (1 +ie A¢w ( 1A¢ry iAd,, >+ e_2A¢x")

~2°

=le 2 (1 2i sin Ag, e My 4 o720 )

Ix = %6_2%‘; (1 + 6_2A¢;‘V )+ %e—2¢x‘ sin A ;ye_A¢;y B.3

I, =DD: = %e’”i (1 +ie"% Xl - ie_'M;)

| . —iAg,, —Ag, . iAg, —Ad. iAg. ~Ad, —iAg,, —Ad,
_ 2¢x1_lef¢,ye ¢,_V+ler¢xye ¢xy+et¢xy b, ~ DGy, ~Ad,

| B, . ~Ag, ~iAg, A 244,
= ¢ T e T

I, = %e'z"; (1 +e )— —;—e_w;e_%’ sinAg, B4

| ~2A4, 1 —ag, 25| ad vy Z24 g, "
J 4] =2 2|4 |2 L p80 720 { 00 | o700 | o260 7000 coshAg
x y 2 2 Xy

24" —Ady, . '
I,—1, =e?"e ™ sinAg,

X

I.-1, _ sinAg,,
I.+1, coshAg,

B.5

Differential detection yields the simplified expression in Eqn. B.5. In the absence of

absorptive terms, A¢xyn=0, and the first DOKE condition reduces to

I -1

]* " Iy =sinAg,, ~ Ag,, B.6

* Y
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for small typical nonlinear response sizes.

The First Dichroic DOKE Condition— With the Quarter-Wave Plate Before the
Sample: In the case of two-photon absorption terms, Agy, #0 and there is a need to
separate the imaginary components from the real ones in Eqn. B.5. To accomplish this,
the polarization of the pump may be rotated so that it is parallel to the initial polarisation

the probe. Now, the arrangement is described by P(90)-A/4(45)-S(90)-DA(0). The

detector signal matrix is given by

1 ,f1 o1 11 o1 -1Jo
D=—e*| ., : B.7
2 [0 ™| -1 1j0 i1 11

b {Dx} 1 ,¢[ —1+i } ne
= =TET| iag, | . ing, | .
Dy 2 e +ie

Separating the x and y components with a (Wollaston) differential polarizer yields,

I,=D,D. = %e_z'ﬁ; (—1+i)(—1—i):%e_2¢; (1+i-1+1)

B.9
1 g
I ==e?*
* 1 - “ . . 3 —A * . —<A *
I.=D. D' =—e ™ 1% Je % —jg "%
y yoy 4
1 o ing —ing . ire. —ird . A —irg” NG —ing'
= 4° P e T P e I B.10
_ le‘”; (2eiA¢;,—A¢;;—iA¢;V—A¢; ): le—w;e—ﬂﬂv
4 2
Voog U Ly cong, 1 g —ag [ a8, -4,
I—-1 =—e™——e"e =—e e e " —e
2 B.11

24" ~Ads . "
=e e sinh Ag,
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I+1,=—e 26 4 Lo, _ L 2, A%(e% te A%)
2 2 2 B.12
=% cosh A¢;y

I-1, .
A tanh Ag,, B.13

x Yy

Clearly, if there are no absorptive terms, this expression is zero, as is intuitively expected
from a sample pumped with light polarised parallel to the probe beam. Since this
expression only has A¢xy” terms, it may be used together with Eqn. B.5 to extract the real
component of the nonlinearity. Thus, the prescribed DOKE detection technique leads to

simple expressions in the phase retardation and allows for easy separation of the real and

imaginary terms.

The First Birefringent DOKE Condition—With the Quarter-Wave Plate After the
Sample: Such an arrangement is described by P(90)-S(45)-A/4(45)-DA(0). In this case,

the detector signal matrix is given by

1 4,01 1yt oyt 0 1 ~1)0
D=—e" iAg , B.14
2 -1 140 iJ0 e ™ |1 1|1

D ) _ . iAg,,
p=| Lo Tlrie T B.15
D, | 2 1+ie™™

This is exactly the same as Eqn. B.2. Thus, the position of the quarter-wave plate relative
to the sample is immaterial for the birefringent DOKE condition. This, however, is not

the case for the dichroic DOKE condition.
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The First Dichroic DOKE Condition—With the Quarter-Wave Plate After the
Sample: This arrangement is described by P(90)-S(90)-A/4(45)-DA(0). In this case, the

detector signal matrix is given by

p=| Do Low |0 B.17
D 2 1+
Separating the x and y components with a (Wollaston) differential polarizer yields,

X X

I.=D D :%e—zﬂi (_1+i)(_1_i)e—2A¢;y

B.18
_ 1 g 24
2
I,=D,D; = %e—“’ (1+i)1—-i)e %
B.19
- le_z,;s 244,
2
I=1,
and so,
I -1
v B.20
I.+1,

Thus, DOKE detection would prove useless for the dichroic detection of TPA when the

quarter-wave plate is placed after the sample, as is routine in free-space electro-optic

sampling techniques.
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The preceding treatment has also been tested in the lab on samples of MPPBT in
DMSO, as shown in Fig. B.1. This figure presents six temporal DOKE traces with the
two aforementioned polarization conditions, as the position of the probe quarter-wave
plate is varied: As expected, the Kerr response—obtained from the birefringent DOKE
polarization condition—is insensitive to the position of the quarter-wave plate relative to
the sample, and the two responses are identical. Furthermore, as predicted, the nonlinear
absorption (NLA) response-—obtained from the dichroic DOKE polarization condition—
is well-resolved when the probe quarter-wave plate is placed before the sample, but is
nullified when it is placed after the sample. As confirmation, this response is seen to
follow that of the pure solvent response—which would not be expected to have any NLA
response regardless of quarter-wave plate position. The miniscule response observed for
the pure DMSO solvent around a probe delay time of O ps is due to imperfect light

polarizations and transient grating effects,[4] as was shown in Fig.2.7 for THF.

T T T T T Y T v T T
0.100
——Kerr--7/4 pre-sample--MPPBT/DMSO
— Kerr--+/4 post-sample--MPPBT/ODMSO
——- NLA—7./4 pre-sample--MPPBT/DMSO

1
c———
i

—_— 7 —— NLA--7/4 post-sample--MPPBT/DMSO
o 0.075 |- - NLA—7./4 pre-sample—-DMSO N
-+ NLA--7/4 Post-sample--DMSO
<
=
EI,J 0.050 -
$ X
0.025 .
0.000 o ";1\— ¥| ) 1 P
-400 0 400 800 1200

Probe delay time (fs)

Figure B.1. [colour] Position dependence of probe quarter-wave plate in the birefringent (Kerr) and
dichroic (NLA) DOKE polarization conditions. The Kerr signal from MPPBT in DMSO is seen to be
insensitive to the position of the quarter wave-plate, and both position provide identical signals (the big
symmetric peaks). For the dichreic condition, however, a pre-sample positioning of the quarter-wave plate
yields a strong nonlinear absorption signal from MPPBT in DMSO, while the post-sample positioning
yields a null signal that matches that of the pure DMSO solvent. The solvent displays no NLA for any
position of the quarter-wave plate, as expected.
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e 1 i N i 4 1 * i N 1 LI
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Figure B.2: The four DOKE polarization conditions, as illustrated experimentally by MPPBT in DMSO.
The first and third DOKE conditions are the birefringent polarization conditions, and show signals that are
the negative of one another. The second and 4™ DOKE conditions are the dichroic polarization conditions,
and likewise show opposite responses of one another.

B.2 The Four DOKE Polarization Conditions

Two unique polarization conditions have been outlined in the preceding
derivations, and throughout the bulk of this work. However, there are actually four useful
polarisation conditions in DOKE detection. Pumping at a polarisation 45° to analyser
polarization has been shown to yield a signal given by Eqn. B.5. However, it can be
shown that pumping at a polarisation -45° to that of the analyser yields a signal that is
simply negative that of Eqn. B.5. Pumping with a polarization parallel to that of the
analyser was shown to yield a signal given by Eqn. B.13 Likewise, it can be shown that
pumping with an orthogonal polarization to the analyser yields a signal that is the
negative of Eqn. B.13. Thus, there are four important polarization conditions in the
DOKE technique. The signals from these four conditions are shown experimentally in
Fig. B.2. We have outlined these four conditions in a previous work.[1] In that work,
however, we did not have access to a satisfactory nonlinear absorbing sample, and the
dichroic conditions were shown to be degenerately null. Thus, for the sake of

completeness, we present Fig. B.2 to show the four conditions for our MPPBT NLA
standard.

187

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B: CONCERNING DOKE POLARIZATION CONDITIONS

B.3 References

[11  A.D. Slepkov, Third-Order Nonlinearities of Novel iso-Polydiacetylenes Studied
by a Differential Optical Kerr Effect Detection Technique, M.Sc. thesis.
University of Alberta, Edmonton, 2001.

[2] K. P. H. Lui and F. A. Hegmann, Appl. Phys. Lett. 78, 3478 (2001).

[31 Q. Wu, M. Litz, and X. C. Zhang, Appl. Phys. Lett. 68, 2924 (1996).

[4] L.D.Ziegler and X. J. Jordanides, Chem. Phys. Lett. 352, 270 (2002).

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX C: EXPERIMENTAL RESOLUTION OF THE DOKE TECHNIQUE

APPENDIX C:
CONCERNING EXPERIMENTAL RESOLUTION AND
RAW DATA OF THE DOKE TECHNIQUE

This appendix looks to present some raw DOKE time-resolved signals in an effort to
explore some of the experimental details of this new technique. In particular, a frank
presentation of issues that lead to a reduction of signal-to-noise performance and
experimental uncertainties is attempted.

Fundamentally, the lock-in detection that is used for the extraction of TPA and
Kerr signals is only limited to electronic (bit-noise) and background photodiode noise
levels, and resolution of signals as low as A¢p’ or Ap’’ of about 1x10™ rad (as is shown for
¢>’ of THF in the inset of Fig. 2.7) may be expected. In practice, however, there are
various effects that significantly limit our detection resolution away from this value. As
shown in Fig. 2.7, in the absence of a two-photon absorption signal, any inherent pulse
chirp may lead to the measurement of a coherent grating coupling between the pump and
probe samples. This artefact is present on top of any measured nonlinear absorption
response. When the dichroic polarization condition is strictly aligned (a non-trivial
procedure), the full transient grating signal is kept to about +5x10 rad. In practice, it is
very difficult to align the pump half-wave plate to yield the precise polarization, and a
THEF signal of under 15x10™ is considered sufficient to constitute a “null” result. Unlike
measurements of the Kerr response in the birefringent polarization condition, the two-
photon absorption measurements contain no internal offset signal, as the solvents do not
exhibit TPA near 800 nm. We generally try to control the sample concentration and pump
intensity to levels that yield a measured ¢’ of between 0.005 and 0.08 rad. The lower
limit guarantees proper resolution and confidence, and the upper limit assures that neither
the nonlinearity nor the linearity of the DOKE response are near saturation. In general,
signals measured in the dichroic polarization condition is more noisy than those of the

birefringent polarization condition. This occurs because in the dichroic polarization

189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX C: EXPERIMENTAL RESOLUTION OF THE DOKE TECHNIQUE

condition, the pump beam is aligned along either A or B, and thus may lead to increased
scatter-based noise on A-B. The birefringent condition, on the other hand works with a
pump polarization of 45°, and thus leads to very little scatter noise on A-B; the A and B
scatter is roughly equal. The scatter from both polarization conditions can ultimately be
removed by careful attention, and thus does not often impact our ultimate scan resolution.
A typical dichroic condition scan set is shown in Fig. C.1, where the excellent signal-to-
noise ratio of the DOKE technique is apparent. Unlike other pump-probe techniques such
as z-scan and spectrally-resolved two-beam coupling (SRTBC) that rely on extensive and
multiple-parameter fittings to obtain the optical nonlinearities,[1,2] in the DOKE
technique we can simply extract the peak signal value. This procedure, of course, relies
on the proper and smooth progression of data points, as exemplified by Fig. C.1. From
this figure, for example, a value of tanh(¢’’)=0.050+0.001 rad would be reported. The
uncertainty value is strictly estimated based on the temporal spread in the data points near
peak and the smoothness of the peak itself. Increasing the scan resolution would is made
possible by increasing the temporal resolution and by fitting the curve to a Gaussian
profile. The latter, we find, is unnecessary for the type of resolution we typically require.
In the case of the signals shown in Fig. C.1, the noise-to-signal ratio (or uncertainty) in
the TIPS-10yne trace is approximately 0.01. Efforts are not typically made to reduce this
uncertainty, as it is on par or lower than the typical uncertainty in the sample
concentration, which is often about 2%. Each trace presented in Figure C.1 is an average
of three consecutive scans, all together taking less than five minutes of scanning time.
Increasing the number of scans in the average may be used to increase the experimental
resolution, but this is only strictly correct on days in which the laser power is not
noticeably diminishing over the timeframe of a sample and reference scan pair. As
mentioned in Chapter 2, all TPA measurements are referenced to an iterative MPPBT
reference scan set. Thus, the ultimate uncertainty in the TPA coefficient is double that of
a single scan due to normalization to an MPPBT scan. Furthermore, to obtain a reliable
measure of ¢ (and y) we typically repeat each experiment several times, often months
apart. Changes in the operational parameters of the laser and sample concentration can
lead to slight variations in inter-run results. These are typically accounted for with a
measure of standard-deviation or simple error analysis. In summary, signal noise,
various scatter, uncertainty in concentration, repeatability, and reference scan
normalization typically lead to an ultimate uncertainty of approximately 10% in ®. As

discussed, signal-to-noise issues are a minor component of this final value.
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Figure C.1. Measurements of THF and a TIPS-10yne sample solution in the DOKE birefringent
condition. The THF reference sample displays a near-zero response and is used as a null-response check of
the proper pump polarization. Scan resolution is limited somewhat by the temporal scan progression and
on-peak noise. Each of the traces represents an average of 3 raw scans. From the shown scans, a value of
tanh($’*)= ¢’°=0.050+0.001 was tallied for the T77PS-10yne sample.

As discussed in a previous work,[3] the birefringent polarization condition suffers from
different concerns that lead to an ultimate reduction in experimental resolution. Raw
scans of THF, TIPS-Syne and TIPS-10yne obtained with the DOKE birefringent
polarization condition are shown in Fig. C.2. Again, each trace represents an average of
three scans and takes approximately 5 minutes to obtain. In addition to (A-B)/(A+B)
signals, Fig. C.2 shows a typical A+B trace; in this case, of TIPS-Syne. A slight dip in
the A+B trace is seen around the probe arrival time, corresponding to TPA. Clearly, this
signal is much harder to resolve than the TPA traces of the dichroic polarization
condition shown in Fig. C.1. Unlike for the dichroic response, the solvent (in this case
THF) displays an inherent Kerr response. As was discussed in Chapter 2, Eqn. 2.5 shows
that the Kerr response of a sample in solution is simple a sum of the solvent and solute
responses. Thus, we can only resolve that sample response which can be resolved beyond
the pure solvent’s. This condition leads to a significant reduction in the resolution of
DOKE signals in the birefringent polarization condition because the resolution of the
solvent response itself suffers from all of the aforementioned uncertainties found in the

dichroic polarization condition (with the exception
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Figure C.2. [colour] DOKE birefringent condition measurements of TIPS-PYs and their corresponding
THF reference scans. THF scans were obtained ten minutes apart and were dispersed among the scans of
the various samples. The THF scans were extremely repeatable, as is evident from their excellent overlap.
The polyyne kerr signals must be resolved beyond those of the reference THF scans, limiting the ultimate
resolution of the DOKE technique. To obtain adequate dynamic range, sample concentrations and pump
powers are carefully selected. For these scans, a 1.0 mW pump beam was used. The two different TIPS-
10yne samples were used as a quick check on the concentration dependence. A single A+B trance for a
TIPS-10yne sample is shown to show the sensitivity (or lack thereof) of this signal component to resolve
two-photon absorption.
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Figure C.1. {colour] On-peak scans of THF and TIPS-10yne in the birefringent DOKE polarization
condition. Straight lines are a running average fit to the data. The calculated standard deviation (spread) of
the data is 0.001 mV, 0.001 mV, and 0.0002 mV for the TIPS-10yne A-B, the THF A-B, and the TIPS-
10yne A+B signals, respectively. Clearly the on-peak A-B response is much more noisy than A+B.
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of pump beam scatter). This is further exacerbated by the fact that we obtain y values by
analyzing the Kerr response on-peak, but the peak itself is the temporal component with
the most noise due to the coherent coupling of the pump and probe beams. Thus, to make
the measurement more robust, we often obtained a measurement of 250-500 data points
on-peak, for statistical purposes. Figure C.3 presents an on-peak scan of A-B in a TIPS-
10yne sample and its corresponding THF reference. When inspecting this figure, it
becomes clear that there is considerable on-peak noise, in the order of about 6%.
Obtaining many data points allows for the fitting of the on-peak data and a measure of the
standard-deviation in ¢’. For the scans shown in Fig. C.3 the uncertainty in the peak
value is approximately 1%-2% of the signal, as given by the standard deviation. As
mentioned, the on-peak noise is considerably greater than off-peak and is not due to
standard experimental scatter and noise. This point is punctuated by relatively low noise
present on the typical A+B response on-peak (as shown in Fig. C.3). This response has an
uncertainty of approximately 0.3%, as given by the standard deviation. The on-peak
scans presented in Figure C.3 are single, non-averaged, scans, and take approximately
four minutes to obtain. This type of experiment is typically utilized once the temporal
response profile, such as given in Fig. C.2, is already obtained. Thus the signal is both
properly mapped out temporally and the peak response is properly characterized. This
procedure is also utilized in the dichroic polarization condition (not shown). Ultimately,
the various accumulated experimental uncertainties lead us to typically report y to within
+10%. Repeating the experiments numerous times with new sample solutions has often
lead to only small variations in the obtained y and o® values. In this case, the
experimental uncertainty may have been reported as lower than 10% and it represents the
statistical spread in the repeated data. There have been cases where repeated
measurements do not yield results that are in close agreement with previous ones. In this
case, the culprit is often difficulty in making precise concentrations of sample solutions,

and the experimental uncertainty has been reported as considerably higher than 10%.
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