
University of Alberta

U l t r a f a s t  T h ir d -O r d e r  O p t ic a l  
N o n l in e a r it ie s  O f  C o n ju g a t e d  

O r g a n ic  M o l e c u l e s

By

Aaron David Slepkov

A thesis subm itted to the Faculty o f  Graduate Studies and Research in partial fulfilment 
o f  the requirem ents for the degree o f  D octor o f  Philosophy

Department of Physics

Edmonton, Alberta 

Fall 2006

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



Library and 
Archives Canada

Bibliotheque et 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 978-0-494-23109-8 
Our file Notre reference 
ISBN: 978-0-494-23109-8

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

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



A b s t r a c t

W e describe the extension o f  a fem tosecond pum p-probe experim ental layout from one 

that prim arily m easures third-order birefringent optical nonlinearities to one that can also 

characterize the d ichroic nonlinearities, such as tw o-photon absorption (TPA). We use 

this technique, differential optical K err effect (DO KE) detection, to  study the 800 nm 

third-order birefringent and/or dichroic nonlinearities in several series o f  highly- 

conjugated chrom ophores and oligomers.

We have revisited a series o f  cross-conjugated /.vo-polydiacetylene oligomers (iso- 

PDAs), extending their length past 7 repeat units to  a total length o f 15 repeat units. 

W hereas we previously reported a linear increase in the second-hyperpolarizability, y, as 

a function o f  oligom er length for short /.so-PDAs, the extended oligomers exhibit a 

superlinear increase in y. This represents the first report o f  such an increase in a cross

conjugated oligom er series. We identify in this increase two linear regimes w hich may 

indicate the onset o f  folding to a helical structure at a length betw een 7-9 repeat units.

We have studied the optical nonlinearities o f  an extended series o f  polyynes. 

Polyynes are linear sp-carbon chains that m odel the hypothetical carbon allotrope 

carbyne. As the polyyne length is extended, the corresponding rise in y is the fastest 

reported for any oligom er series, showing that these are prom ising nonlinear optical 

m aterials. Furtherm ore, power law increases in both y and  the absorption onset energy as
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a function o f  o ligom er length closely model behaviour predicted for purely one

dimensional m aterials. We also observe tw o-photon absorption in the longest o f  the 

polyyne oligom ers, w hich suggests a reversal o f  standard energy-level symmetry 

alternation.

The th ird-order optical nonlinearities w ere also investigated in firllerene- 

term inated conjugated m olecules, where we find evidence for charge-transfer from the 

conjugated backbone to the fullerenes. Furtherm ore, w hereas pristine C6o displays very 

small nonlinearities, w e observe a large nonlinear optical response from fullerene- 

oligom er hybrids.

We have extensively studied a series o f  self-sim ilar tw o-dim ensionally conjugated 

cruciform  chrom ophores and find the nonlinearities to  depend drastically on 

donor/acceptor substitution sym m etry about their central benzene core. We obtained the 

TPA spectra o f  these m olecules with ultrafast z-scan m easurem ents and find that the all

donor species displays considerably higher peak TPA than that found in its donor- 

acceptor counterparts. W e also identify and address excited-state absorption (ESA) and 

birefringence dynam ics in these molecules, as obtained at 800 nm  with DOKE.

Finally, we report on the design o f  an 800 nm pum p-w hite light probe 

experimental setup. We present prelim inary results investigating the non-degenerate TPA 

and ESA response o f  a standard (M PPBT) conjugated chrom ophore.
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L is t  O f  F ig u r e s

1.1 [colour] Schem atic representations o f  m olecular tw o-photon absorption, (a) 
Standard one-photon absorption (blue; left), degenerate two-photon 
absorption (red, red; m iddle), and non-degenerate (green, dark-red; right) 
tw o-photon absorption to the same energy level. In m any 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 system s, g  is the ground state and e is the excited-state; Eg 
and Ee are their energies and /iig and /4  are their static dipoles. M ge is the 
transition dipole betw een these states, a ®  is the tw o-photon cross section 
for this transition, and tico is the energy o f  the incident laser light, (c) A 
m inim um  three-level m odel is needed for explaining TPA  in symmetric 
systems lacking perm anent dipoles. The ground state in such chromophores 
is o f  gerade (Ag) sym m etry, as is the tw o-photon allow ed state. The two- 
photon-forbidden but one-photon-allowed state is o f  opposite, ungerade 
(Bu), sym m etry. [(Et-Eg)- tied] is the detuning factor, and is inversely 
proportional to g (2̂  in sym m etric system s..........................................................................9

1.2 R epresentative high tw o-photon absorbing com pounds. H igh a (2)-values 
were obtained for D istyrylbenzene-based Strehmel-3 and Strehm el-4 using 
fem tosecond tw o-photon excitation fluorescence spectroscopy.[50] High 
a (2l-values were obtained for diacetylene-based M PPB T using femtosecond 
z-scan.[51]...................................................................................................................................18

2.1 A schem atic o f  our D O K E experimental layout: PD s A  & B: Balanced 
photodiodes; PD C: reference photodiode; BS: 10:1 beam  splitter; A/4: 
quarter-wave plate; A/2: half-wave plate; P: G lan-laser polarizer; A:
W ollaston 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 ho lder.............................................................................................................................31

2.2 Tw o-photon absorption (TPA) and excited-state absorption (ESA) processes 
to w hich DOKE detection is sensitive. DOKE m onitors pum p-induced 
absorption in the probe beam, and is thus only sensitive to changes in the 
probe beam. TPA is m easured as an instantaneous response, and ESA is 
measured at longer probe delay tim es................................................................................ 37
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2.5 Pum p-dependent nonlinear absorption D O K E response from  MPPBT at a 
probe delay tim e o f 5 ps. A  square dependence w ith pum p power is 
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been draw n to extend past their fitting ranges for im proved visib ility ...................... 38

2.6 Chem ical structure o f TPA  reference sam ples AF60 and AF50. The two 
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2.8 Raw D O K E 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 tim e-delayed tails suggesting 
Pum p-induced excited state absorption. Both signals can be used to obtain
d 2) values. The dashed line establishes a baseline for the A+B signal..................... 41

2.9 [colour] Transient absorption signals from a tetrakis(phenylethynyl)benzene 
(ort/io-TPEB) sample in THF. The strongest TPA is observed when both 
the pum p and probe beams are parallel in polarization, in close agreem ent 
with the 3:1 parallekperpendicular TPA predictions by Birge and 
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follow (a) linear conjugation (para-linked), (b) bent-conjugation (ortho- 
linked), and (c) cross-conjugated (m eta-linked)................................................................81

5.2 Tw o-photon absorption spectra o f  TPEBs (bottom  and left axes). The UV-
vis spectrum is overlaid (top and right axes) to m atch the sam e total photon 
energy with TPA . Also included is the sam ple absorption at experimental 
concentration (bottom  & right axes), (a) dipolar m eta-TPEB; (b) dipolar 
ortho-TPEB; (c) quadrupolar TD-TPEB; (d) quadrupolar para-T PE B ......................88
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Transition density m aps were sketched by hand by overlapping the 
appropriate M O m aps. W ithin each m ap, the tw o different colors represent 
different phases o f  the w avefunction /transition density. A net transition 
dipole is denoted w ith  a black arrow on the transition density m aps......................... 91

5.4 [colour] M olecular orbital and transition density m aps o f  the low est lying 
states/transitions in meta-TPEB. M olecular orbital m aps w ere calculated 
with Gaussian 98 at the B3LYP/6-31G* level o f  DFT, by Haley et a/.[2] 
Transition density m aps were sketched by hand by overlapping the
appropriate M O m aps. W ithin each m ap, the tw o different colors represent 
different phases o f  the w avefunction /transition density. A net transition 
dipole is denoted w ith a black arrow on the transition density m aps......................... 91

5.5 [colour] M olecular orbital and transition density m aps o f  the lowest lying 
states/transitions in ort/io-TPEB. M olecular orbital m aps w ere calculated 
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different phases o f  the w avefunction /transition density. A net transition 
dipole is denoted w ith a black arrow on the transition density m aps......................... 92

5.6 [colour] M olecular orbital and transition density m aps o f  the lowest lying
states/transitions in para-TPEB. M olecular orbital m aps w ere calculated
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different phases o f  the w avefunction /transition density. A  net transition 
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5.7 [colour] D ichroic DOKE condition m easurem ents o f  TPEBs. (a) The
ultrafast response that is centered about a probe delay tim e o f zero
represents the tw o-photon absorption process. The individual data points o f 
the TD-TPEB trace are displayed to indicate the tem poral resolution used.
(b) The instantaneous TPA process gives w ay to long-lasting excited-state 
absorption dynamics. The donor-accepetor isom ers show a rise and peak, 
corresponding to the population o f  the excited-state from which exponential-
rate depopulation takes place..................................................................................................95
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5.8 [colour] Tw o-photon-accessed excited-state absorption decays fit to a b i
exponential form  (probe delay times >1.5 ps). N one o f  the fits (solid lines) 
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5.11 Refractive DOK E polarization condition TPEB scans— THF solvent 
response removed. Responses are ultrafast about a the p robe’s arrival time 
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5.12 [colour] Induced birefringence dynam ics fit to a bi-exponential form (solid 
lines; prode delay tim es >1.5 ps). A very small offset o f  \a\ < 0.00015 was 
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ps; ortho-TPEB, 7i= l .6 ps (rise), 72=32 ps; /mra-TPEB, 7i= 1.2 ps (rise),
72=21.5 p s ......................................................................................................................................101
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6.3 [colour] T im e-resolved nonlinear absorption response o f  OPE-based 
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term inated O PE C60-quad-5OPE. b) (log-linear graph) Excited-state 
absorption decays, showing that samples quad-SOPE and oct-50PE  have 
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7.4 [colour] Em ission spectra in CHCI3 for full Ao-PDA series, w ith excitation 
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7.5 Correlation o f  relative m olecular second hyperpolarizibilities (ylyjm) as a 
function o f  oligom er length n. (a) Linear fit (n = 2 -15 ). (b) power-law fit 
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7.6 M inim ized structure o f  tridecam eric Ao-PDA using M M 3* force field 
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8.1 [colour] A schem atic o f  supercontinuum  generation. A  collim ated incident 
beam (A) begins to self-focus (B) and eventually form s a self-guiding 
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translation stage; X-Y trans.: bi-directional in-plane translation stage; Sen: 
screen for diffuse spectral reflection; Spctr: O cean O ptics fiber-collected
spectrometer; PD: am plified silicon photodiode (Thorlabs P D A 55)..........................147

8.3 Spectra o f  broadband continuum  generated from  10 m m  H 2O and that o f  the 
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m onochrom atic pulses, here selected by ultrafast K err-response cross
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8.5 Continuum  pulse chirp as m apped out by cross-correlating an 800 nm pump 
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spectra peaks given in F igure 8.4. The line is an extrapolation/interpolation
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8.6 800 nm pum p continuum  probe Kerr m easurem ents in ~1 mm thick glass;
raw, corrected for phtodiode response, and quasi-m onochrom atic at 900 nm 
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8.7 Chirp-intensity correction o f  single-shot K err m easurem ents in glass. The 
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8.8 Non-degenerate transient absorption m easurem ents o f  M PPB T at three 
continuum -fdtered probe wavelengths, (a) On-peak tw o-photon absorption 
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exponential decay past 1 ps probe delay tim e.................................................................... 161
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B .l [colour] Position dependence o f  probe quarter-w ave plate in the birefringent 
(Kerr) and dichroic (NLA) D O K E polarization conditions. The Kerr signal 
from M PPB T in D M SO  is seen to be insensitive to the position o f  the 
quarter w ave-plate, and both position provide identical signals (the big 
sym m etric peaks). For the dichroic condition, how ever, a pre-sam ple 
positioning o f  the quarter-w ave plate yields a strong nonlinear absorption 
signal from M PPB T in D M SO, while the post-sam ple positioning yields a 
null signal that m atches that o f  the pure DM SO solvent. The solvent 
displays no N L A  for any position o f  the quarter-w ave plate, as expected................186

B.2 The four D O K E polarization conditions, as illustrated experim entally by 
M PPBT in D M SO. The first and third DOKE conditions are the birefringent 
polarization conditions, and show signals that are the negative o f one 
another. The second and fourth DOKE conditions are the dichroic 
polarization conditions, and likewise show opposite responses o f one 
another........................................................................................................................................... 187

C .l M easurem ents o f  THF and a 77P5-10yne sam ple solution in the DOKE 
birefringent condition. The THF reference sample displays a near-zero 
response and is used as a null-response check o f  the proper pum p 
polarization. Scan resolution is limited som ewhat by the tem poral scan 
progression and on-peak noise. Each o f  the traces represents an average o f  3 
raw scans. From  the shown scans, a value o f  tanh(<|)” )~  (|)” =0.050±0.001
was tallied for the TIPS-lOyne  sam ple...............................................................................191

C.2 [colour] D O K E birefringent condition m easurem ents o f  TIP S -PY s and their 
corresponding THF reference scans. THF scans were obtained ten minutes 
apart and w ere dispersed am ong the scans o f  the various sam ples. The THF 
scans were extrem ely repeatable, as is evident from their excellent overlap.
The polyyne kerr signals m ust be resolved beyond those o f  the reference 
THF scans, lim iting the ultim ate resolution o f  the D O K E technique. To 
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concentration dependence. A single A+B trance for a T/PS-fOyne sample is 
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C.3 [colour] O n-peak scans o f  THF and T/PA-lOyne in the birefringent DOKE  
polarization condition. Straight lines are a running average fit to the data.
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L is t  o f  A b b r e v . a n d  Sy m b o l s

Abbreviations and A cronyms (in order of appearance)

Abbrev. abbreviation(s)

NLO nonlinear optics

SHG second harm onic generation

TPA tw o-photon absorption

1-D, 2-D, 3-D one-, tw o- or three-dim ensional

PDT photo-dynam ic therapy

GM  G oppert-M ayers (equivalent to 10'50 cm 4-s-molecule"1-photon'1)

SOS sum -over-states

eV electron V olt

fs fem tosecond ( 10'15 seconds)
12ps picosecond ( 10' seconds)

Eqn. equation

Fig. figure

TPEB tetrakis(phenylethynyl)benzene

D-A donor and acceptor substituted species

D/A donor and/or acceptor substituted species

D ->A  donor to  acceptor

BLA/BOA bond-length alternation / bond-order alternation

TPEF tw o-photon excitation fluorescence

OPEF one-photon excitation fluorescence

THG third-harm onic generation

DOKE differential optical Kerr effect

OHD-OKE optical heterodyne detection o f  the optical K err effect

THz terahertz (1012 Hz)

(B)PD (balanced) photo-diodes

THF tetrahydrofuran
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M PPBT l,4-B is(2,5-dim ethoxy-4-{2-[4-(N -m ethyl)pyridin-l-ium yl]ethenyl}- 
phenyl)butadiyne triflate

DM SO dim ethyl sulfoxide

NLA nonlinear absorption

ESA excited-state absorption

AF50 N,N-diphenyl-7-[2-(4-pyridinyl)ethenyl]-9,9-di-n-decylfluorene-2-am ine

AF60 N,N-diphenyl-7-[2-(4-pyridinyl)ethenyl]-9,9-di-ethylfluorene-2-am ine

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-Pr3Si tri(Ao-propyl)silyl -Si(CH (CH 3)2)3

TES tri(ethyl)silyl -S i(C 2H 5)3

TMS tri(m ethyl)silyl -S i(C H 3)3

Me m ethyl (CH 3)

f-Bu / Bu tert-butyl /  butyl

(Z)INDO (zero) interm ediate neglect o f  differential orbitals

HOM O highest occupied m olecular orbital

LUM O lowest unoccupied m olecular orbital

RPA random  phase approxim ation

UV ultraviolet

vis visible

I R / N I R infrared / near-infrared

AIST Institute for A dvanced 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 param etric am plifier / optical param etric generator

a-BBO alpha-barium  borate

KDP potassium  dihydrogen phosphate

BK-7 a particular recipe o f  borosilicate crow n glass

FWM four-w ave m ixing

SKS stim ulater K err scattering

GVD group velocity dispersion

FW HM full w idth at h a lf  m axim um

K im aginary com ponent o f  the index o f  refraction

Symbols (in order o f appearance)

cr absorption cross-section in units o f  cm 2

c/2) tw o-photon absorption cross-section in units o f  cm4-s-m olecule'1-photon' 1

a  absorption coefficient in units o f  cm ' 1

<P tw o-photon absorption coefficient in units o f  cm /W

co angular frequency in radians

N, Nc num ber density in m olecules or particles per cm 3

Pi and Pi P lanck’s constant (1 .0 5 5 x l0 '34 J-s and 6 .6 2 6 x l0 '34 J-s)

z longitudinal displacem ent co-ordinate

y third-order m olecular hyperpolarizability in esu

n, no, iji< index o f  refraction / n may denote the num ber o f  oligom er repeat units

c speed o f  light (3 x 108 m/s) / power-law exponent

Im(x) Im aginary com ponent o f  x

Re(x) Real com ponent o f  x

Z4 Lorentz field factor

A change in

jUi perm anent dipole mom ent o f  state i

Mij transition dipole between states i and j.

Ty i->j transition linewidth.

E\ Energy o f  state i

y/j w avefunction o f  state i
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r radial co-ordinate

» m uch-greater-than

P second-order m olecular hyperpolarizability in esu

D donor group

A acceptor group

-71- conjugated route or path

§ thesis section or subsection

optical phase change

x(3) third-order nonlinear susceptibility in units o f  m 2/V 2

w avelength in nanom eters

m ; m half-w ave plate; quarter wave plate

R ; S reference ; sample

I  and Io intensity in W /cm2

x(5) fifth-order nonlinear susceptibility in units o f  m 3/V 3

P and Po laser pow er in W

T pulse duration tim e/exponential relaxation tim e

R rem ainder: denotes any functional end-group (non hydrogen)

M m oles/litre

^max highest wavelength o f  absorption m axim a

Emax energy corresponding to Xmax

£ m olar absorptivity in L-mol' 1 -cm"1

m electron mass

-» to (as in from A to B)

P density

S signal or response
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O u t l in e

The following thesis presents a sum m ary o f  research conducted throughout the course o f 

my Ph.D. program  in the D epartm ent o f  Physics at the University o f  Alberta. The content 

o f  this thesis reflects the fact that my w ork was jo in tly  supervised by Dr. Frank Flegmann 

in the departm ent o f  Physics and Dr. R ik. Tykw inski in the departm ent o f  Chem istry, and 

involved considerable collaborative w ork w ith Dr. Kenji K am ada (AIST, Japan), Dr. 

M ichael Flaley (University o f  Oregon), Drs. Yum ing Zhao and Jim Tour (Rice 

University), and Dr. Ray DeCorby (TRlabs and D epartm ent o f  Electrical Engineering, 

University o f  A lberta). C onsiderable research effort was put into establishing an ultrafast 

pum p-probe detection technique for the characterization o f  the tw o-photon absorption 

and excited-state dynam ics in conjugated organic m aterials. Subsequently, this technique 

was used for the study o f  the optical nonlinearities in various oligomeric and 

chrom ophoric systems. A lthough w e have com m unicated most o f  our findings, there is a 

considerable body o f  w ork that has yet to be published. Furtherm ore, there are many 

im portant experim ental details and findings that w ere om itted from our previous reports, 

prim arily due to a lack o f space. The study o f  each class o f  m olecule, such as cross

conjugated /.so-polydiacetylenes, fullerene-chrom ophore hybrids, polyynes, and 

tetrakis(phenylethynyl)benzenes, is reported independently, each yielding unique 

conclusions. On the other hand, these studies com prise a consistent and cohesive body o f 

w ork reporting on the third-order optical nonlinearities o f  highly-conjugated molecules. 

To accom m odate research thrusts that include both developm ental and spectroscopic 

aspects, this w ork is presented in a hybrid form that incorporates both traditional and 

paper-based formats.

This thesis is structured in three parts: Part I is com prised o f  three chapters. 

C hapter 1 provides a survey o f  tw o-photon absorption (TPA) in conjugated molecules, 

and includes a b rief description o f  the various experimental techniques used for its

1
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characterization. C hapter 2 describes the use o f  our differential optical Kerr effect 

(DOKE) detection layout for the ultrafast tim e-resolved characterization o f  both the Kerr 

nonlinearities and tw o-photon absorption in organic sam ples in solution. Chapter 3 

illustrates the use o f  a traditional beam -depletion experim ent for the m easurem ent o f  TPA 

in a reference sample. This experim ent is presented as an  independent test o f  the results 

obtained by the D O K E technique. Thus, Part I looks to establish the use o f  DOKE as an 

appropriate technique for the m easurem ent o f  the real and im aginary com ponents o f 

third-order optical nonlinearities o f  isotropic organic sam ples. Part II reports on the study 

o f four different classes o f  conjugated organic molecules. Each o f  the four chapters in 

this part is prefaced w ith a “Context” section that describes the collaborative nature o f  the 

study and m entions its publication history. Chapter 4 presents the study o f  the optical and 

nonlinear optical properties o f  polyynes; a uniquely one-dim ensional class o f  oligomers. 

Chapter 5 presents the study o f  tw o-dim ensionally-conjugated oligom ers that differ by 

their donor/acceptor substitution sym m etry across a central benzene ring. These samples 

were studied both w ith the DOK E technique and w ith tunable-w avelength z-scan 

experiments. C hapter 6 presents the study o f  the optical and nonlinear optical 

characteristics o f  m ulti-fullerene substituted conjugated oligom ers. C hapter 7 reports on 

the optical nonlinearities o f  extended cross-conjugated Ao-polydiacetylene oligomers. 

Our DOKE detection currently operates at a fixed w avelength o f  800 nm. Some o f  the 

studies presented in Part II m otivate the need to m easure optical nonlinearities at various 

wavelengths across the visible and near-infrared. Part III describes the construction and 

preliminary characterization o f  an 800 nm pump white-light probe technique used to 

obtain non-degenerate TPA  spectra o f  a TPA standard. A ppendix A  provides further 

background on the link between tw o-photon absorption and the nonlinear index o f 

refraction. Appendix B discusses the im portance o f  the sam ple-arm  quarter-wave plate 

position in the DOK E technique. Finally, Appendix C presents som e raw  DOK E scans 

and discusses issues related to the signal resolution perform ance o f  the various DOKE 

polarization conditions. Every Chapter and Appendix contains its ow n bibliography.

2
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Pa r t I

Th e  D e sc r ipt io n  a n d  
D e t e c t io n  of Tw o -Ph o to n  

A b so r pt io n  in  O r g a n ic  
Sa m ples
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C h a p t e r  1: T w o - P h o t o n  A b s o r p t i o n  In  C o n j u g a t e d  S y s t e m s

CHAPTER 1:
In t r o d u c t io n  to  T w o -P h o t o n  A b s o r p t io n  in  
C o n ju g a t e d  O r g a n ic  Sy s t e m s

1.1 Introduction

W ith the developm ent o f  the laser as a source for intense and coherent light, new 

light-matter interactions have risen to the forefront o f  the optical sciences in the form o f  a 

new discipline— Photonics.[1] Light-intensity-dependent phenom ena com prise the field 

o f  N onlinear Optics, w hich represents the cornerstone o f  Photonics research. Am ong the 

first nonlinear processes to be discovered w ere the optical Kerr effect, the Pockels effect, 

and second-harm onic generation (SHG).[2] Each o f  these phenom ena has been utilized 

to technological advantage. In fact, all three are integral com ponents o f  m odern laser 

design and am plification.[3] In the last few decades, the m yriad nonlinear optical 

processes have been discovered and investigated, ranging from second- and third- 

harmonic generation and stim ulated Ram an scattering, to self-focusing and optical 

rectification. [2] The advancem ent o f  these processes tow ards technological development 

has typically relied on m axim izing the optical nonlinearity w hile m inim izing light 

absorption.

Two-photon absorption (TPA) is a third-order nonlinear process that is the 

absorptive counterpart to the optical K err effect (see A ppendix A ).[2] A s shown in Fig 

1.1a, in a TPA process, tw o photons are sim ultaneously absorbed to promote an 

excitation at the sum energy,[4] in seeming violation o f  w ell-established processes such 

as the photoelectric effect. This process is intensity-dependent, and is only observable at 

very large optical fields. Traditionally, TPA in system s o f  interest was studied with the 

intention o f  learning how to m inim ize 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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absorptive nonlinearities such as tw o-photon absorption have been studied as the primary 

process o f interest for applications. In the past decade, com pounds w ith large two-photon 

absorption have been vigorously sought for a slew o f  technological applications in 

various fields such as defense, [7,8] bio-photonics and medicine,[9-13] 

nanotechnology,[14-17] and laser developm ental 8-20]

Using tw o-photon absorption is uniquely advantageous for various applications 

due to the nature o f  the process. M ore specifically, TPA can occur at wavelengths far 

removed from  linear absorption so that the onset o f  absorption can occur only at high 

light intensities. A pplications such as optical lim iting are based on this prem ise.[7,18,21] 

Optical limiters are m aterials that are transparent to am bient light, but become opaque if 

they are illum inated w ith intense light. Thus, m aterials for optical lim iting are actively 

sought for various defense applications that seek, for exam ple, to protect fighter-pilot 

vision during a ground-to-air laser attack.[22] O ther optical lim iting applications involve 

passive protection o f  light sensors.[23]

Because TPA  is light-intensity-dependent, it allows for excellent 3-D spatial 

resolution in the vicinity o f  a focus. This is the feature that is m ost w idely utilized in 

TPA-based technologies. Exam ples o f  these are 3-D optical storage and m icro

fabrication, tw o-photon fluorescence m icroscopy, and photodynam ic therapy. M icro

fabrication w ith tw o-photon sensitizers has allowed for unprecedented three-dim ensional 

sub-m icrom eter resolution. [14,17] Furtherm ore, with tw o-photon absorbing fluorescent 

dyes, one can now  selectively excite a m iniscule volum e w ithin biological tissue, 

allowing for nanom eter-scale m icroscopic im aging.[10,24] A s in fabrication, data 

storage, and fluorescent imaging, the application o f  TPA to photodynam ic therapy (PDT) 

promises great im provem ent in spatial resolution. In standard photodynam ic therapy ,[25] 

a light-absorption-activated drug is injected to the vicinity o f  a tum or. The tum or cells are 

then destroyed by illum inating the affected area through the creation o f  singlet- 

oxygen.[25] The light used is typically at infrared w avelengths to w hich skin is somewhat 

transparent. Tw o-photon photodynam ic therapy acts much in the same way, only in this 

case a two-photon infrared-absorbing drug is used.[9] B ecause the absorption— and 

hence tissue dam age— is better localized to the beam focus, tw o-photon PDT promises 

significant m inim ization o f  unw anted near-by collateral absorption and tissue damage.
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1.2 A Survey of Two-Photon Absorption in Conjugated 
Chromophores

Conjugated Chromophores for TPA applications: A lthough TPA  was first observed 

in doped ionic crysta ls,[26] and has since been studied in gas,[27-29] sem iconductor,[30- 

32] and glass system s,[6,34-36] the search for m aterial classes with appropriate 

characteristics for TPA  applications has prim arily focused on conjugated organic 

chrom ophores.[4] C onjugated chrom ophores are attractive system s for TPA applications 

for several crucial reasons: First, current laser technology (especially in communications 

and m edicine) uses w avelengths in the near-infrared, around 800-1500 nm. As their name 

suggests, chromophores absorb light m ost strongly in the visible range o f  300nm-800nm, 

and are thus ideally suited for the required transparency at the fundam ental w avelength o f 

interest, while having the strongest two-photon accessible levels at tw ice the fundamental 

energy. Sem iconductors, on the other hand, have large oscillator strengths that m ay lead 

to large TPA  cross-sections, but have (one-photon) band gaps that extend through the 

w avelength range o f  fundam ental excitation light, and are thus insufficiently transparent 

for many TPA -based photonic applications. Second, organic synthesis techniques provide 

a huge range o f  processibility and versatility, allowing for the engineering o f  unique 

com pounds for specific applications. This includes am ple solubility for applications such 

as laser dyes, deliverable drugs, spin-coated optical lim iting films, etc. Third, although 

saturated organic fram eworks (such as alkanes) display m iniscule optical nonlinearities, 

bond-conjugation allow s for large electronic delocalization and charge-transfer, leading 

to large polarizabilities and hyperpolarizabilities.[37] A conjugated path is one o f 

alternating single and m ultiple (double, triple) bonds, and thus represents a chain o f  sp- 

and/or sp2-hybridized carbons; each o f  which possesses Ti-orbitals that extend laterally to 

the chain direction. Overlap o f  these n-orbitals provides extended molecular orbitals that 

run parallel to the conjugated backbone, and through w hich considerable electronic 

delocalization can take place: electrons are delocalized along this route, providing for
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considerably increased optical polarizabilities.[38,39] Thus, conjugated organic 

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

TPA cross-section: A s w ith all TPA -based technology, it is im portant to m axim ize the 

two-photon absorption activity so that lower light intensities m ay be used. In an 

analogous m anner to  that o f  linear absorption, wherein the m olecular absorption 

probability is given as a cross-section,

=  1 . 1
N

where a  is the B eer’s-law coefficient o f  absorption (in cm '1), and N  is the m olecular 

species density (in cm '3), so too is TPA  activity m ost often described in terms o f  a cross- 

section. The tw o-photon absorption cross-section, c /2), is given by

<j{2)(co) = ^ - a (2) (co), 1.2
N

where hco is the photon energy, and cP\a>) is the tw o-photon absorption coefficient (in 

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

according to

-  = - a I - a {2)I 2 . 1.3
dz

Typically, <72) is reported in units o f  cm4-s-photon '1-m olecule '1 or in Goppert-M ayers, 

GM  (1 GM =1050 cm 4-s-photon '1-m olecule '1). The value c/2) is a third-order nonlinear 

param eter, and is related to the second m olecular hyperpolarizability (third-order 

m olecular polarizability), y, via
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er(2)(a>)= 2 L 4 6 ) ; cq, cl> , - co) )  , [40,41]
2 s Qc n0

1.4

as is further detailed in A ppendix A. In the preceding relationship, y is given in esu units

optical field to  the m icroscopic dielectric environm ent in the vicinity o f  the individual 

molecules. Inspection o f  Eqn. 1.4 shows that quantitative spectral details o f  TPA rely on 

the intimate characteristics o f  the third-order nonlinear response o f  each m olecular 

system.

Theoretical Description of TPA: Theoretical studies o f  TPA in conjugated organic 

chromophores have contributed a considerable body o f  know ledge.[41,43-48] Currently, 

popular expressions for TPA in organic m olecules are derived from sum-over-states 

(S.O.S.) expressions for Im[^],[44] and provide a m eans for estim ating TPA cross- 

sections based on such param eters as ground-state polarization and m ultipolar symmetry, 

the tuning o f  photon energies to (virtual) m olecular levels, and transition dipole moments. 

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

given by :[40]

as are the other param eters.[42] The value Z,4 is the local field factor that relates the

I

(Ee - E g - h a - i T j t e .  - E g +ha>-iYge)
II

III

1.5
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(a)

Ea,ju

E.

(b)

{E-E,yhco

(c)
Figure 1.1: [colour] Schematic representations o f 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; Efl 
and Ee are their energies and f.it  and fic are their static dipoles. Mgc is the transition dipole between these 
states. is the two-photon cross section for this transition, and hco is the energy o f 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 o f gerade (Tg) symmetry, as is the two-photon allowed 
state. The two-photon-forbidden but one-photon-allowed state is o f opposite, ungerade (B„), symmetry. 
[(£e-£g)- hco] is the detuning factor, and is inversely proportional to a <2) in symmetric systems.
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This expression is a sim plified version o f  the full O rr and W ard treatm ent for the second 

m olecular hyperpolarizability, y,[44] and assum es degenerate (see Fig. 1.1a) excitation 

with light that is linearly polarized in the direction o f  maxim al conjugation.[40] The 

term s in Eqn. 1.5 (denoted I, II, and III) possess three basic param eters on which TPA 

activity is based. The denom inator in all three term s describes the tuning (or detuning) o f 

the photons’ energy to various m olecular energy levels, hco is the photon energy, while 

Eg, E^ and Ee- are the energy the ground-, one-photon allowed, and two-photon allowed 

levels, respectively. T is the dam ping factor (linew idth) for the respective transition, and 

is typically assum ed to be 0.1 eV .[40,46,50-53] In reality, T values ranging around 0.25 

eV have been experim entally determ ined,[54,55] leading others to  use T = 0.2 eV in 

subsequent calculations.[56] The num erators in Eqn. 1.5 describe the ground- and 

excited-state polarizations, and consist o f  perm anent and transition-dipoles. fj.g and fie are 

the perm anent dipole m om ents o f  the ground-state and the excited-state, respectively. Mge 

and Mee’ are the transition m om ents for the ground (g) level to one-photon allowed (e) 

level transition, and for the one-photon (e) level to  the two-photon allowed (<r) level, 

respectively. Transition dipoles represent the transition o f  electronic density between two 

states, and are defined as [40,56]

M m n= (m \/u \ri) = - e  jV* (r)ty/„ (r)dr . 1.6

In practice, this integration is usually replaced by a sum m ation over atom sites. Like 

permanent dipole m om ents, transition dipoles are vector quantities and thus the relative 

orientation between param eters m ust be taken into account. Eqn. 1.5 is designed to treat 

excitations in conjugated systems, m ost o f  w hich have a w ell-defined (quasi 1-D) axis o f  

conjugation, and for which the transition- and perm anent-dipole m om ents are aligned. In 

systems o f  higher dim ensionality, these m om ents m ay not be aligned, and treatm ent o f  

TPA in such systems m ay require slight m odifications to Eqn 1.5.[57-59] For a practical 

example, see the discussion o f  transition mom ents in tetrakis(phenylethynyl)benzenes 

(TPEBs) in Chapter 5. A schematic representation o f  various tw o-photon transition 

schemes annotated with the param eters from Eqn. 1.5 is presented in Fig. 1.1.
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Both one-photon and tw o-photon transitions follow parity selection rules. Thus, in 

symmetric systems, linear absorption spectroscopy can only access dipole-operator 

regulated transitions betw een states w ith odd parity, and direct tw o-photon absorption can 

only occur between states w ith even parity .[4,53] In asym m etric systems, both one- and 

two-photon transitions are perm itted to the same states, and the TPA  spectrum may 

follow the one-photon absorption spectrum  at tw ice the w avelength. These considerations 

are also illustrated in Fig. 1.1. There is thus a significant difference betw een TPA in 

dipolar m olecules and sym m etric system s with m ultipolar (quadrupolar, octupolar) 

geometries. [48,5 3]

TPA in Dipolar Molecules: The TPA action o f  various push-pull dipolar molecules 

have been investigated by m any groups.[20,41,48,53,60-63] For m ost dipolar molecules, 

term  I in Eqn 1.5 has been shown to dom inate 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 m olecules have m iniscule M ge’ values, especially com pared w ith Mge and 

and thus the dipolar term  II dom inates over term III. A ccordingly, a 2-state model 

is typically used to describe tw o-photon absorption in asym m etric systems, as shown in 

Fig. 1.1b. W ith these aforem entioned considerations, the peak degenerate TPA cross- 

section in dipolar m olecules m ay be approxim ated from Eqn. 1.5 by

where it is assum ed that, on-peak, (Ee-Eg) ~ 2hco, and (Ee-Eg) » Yeg. Furtherm ore, because 

o f these constraints, this expression is only valid in the im m ediate vicinity o f  the TPA 

peak, and does not describe the TPA spectrum. However, it has been shown that in some 

cases, the one-photon spectrum  m ay be used to predict the TPA spectrum  in dipolar 

molecules. [63]

Equation 1.7 m ay 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 m olecules for which a 2-state model is best suited have simple one-

5 n2c 2s 0Ji
1.7
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photon absorption spectra that are dom inated by a single low est-energy peak.[41,63] In 

molecules for w hich essential-state m odels are insufficient, such as bis(dioxaborine)- 

substituted chrom ophores, [64] term  III m ay provide sizable contributions, and 

summations over several excited states m ay becom e necessary. In general, however, it 

has been shown that for m ost dipolar m olecules, the peak TPA  value may be consistently 

predicted based on a sim ple 2-state level, and the m ain peak in the TPA  spectrum follows 

that o f  the one-photon spectrum  (at h a lf wavelength).

TPA in Symmetric Molecules: Symmetric m olecules that lack perm anent dipole

moments have becom e the prim ary focus o f  recent nonlinear-absorption studies. In 

particular, m olecules/system s with quadrupolar[40,48,50,53,56,61,65,66] and 

octupolar[46,66-69] sym m etries are attracting w ide attention both theoretically and 

experimentally. U nlike dipolar molecules, for w hich Term  I (in Eqn. 1.5) provides the 

dominant TPA  contribution, m ultipolar systems lack static dipole m om ents, and TPA in 

these systems is best described by Term III. TPA betw een the ground level (g) and final 

level (e’) in these m olecules is mediated by at least one interm ediate (e). Term III 

describes TPA through the coupling between interm ediate and final levels, through both 

transition m om ent term s (Mee’) and the tuning o f  photon energy to  that o f  the intermediate 

level. The peak degenerate TPA cross-section in sym m etric m olecules may be 

approximated from  Eqn. 1.5 by

where it is assum ed that, on-peak, (Ee'-Eg) ~ 2Pico, and (Ee'-Eg-hco) » Tge-.[41] The latter, 

as well as the functional form o f  Eqn. 1.8 means that this description is only valid in the 

absence o f double resonance;[41,54,59] i.e, the interm ediate level does not lie at precisely 

h a lf o f the energy o f  the TPA  transition. In m ost organic chrom ophores, standard 

symmetry alternation takes place, where the ground-state is o f  A g sym m etry and the first 

and second excited states are o f  B u and A g symmetries, respectively .[39,45,70] Unlike 

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

1.8
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in quadrupolar m olecules two-photon absorption obeys even-parity  selection rules, and 

the lowest one-photon transition is tw o-photon forbidden,[50] as shown in Fig. 1.1c. 

Thus, the peak o f  the TPA  spectrum  o f  quadrupolar m olecules is typically blue-shifted 

w ith respect to that o f  the one-photon absorption spectrum  (at the total absorption 

energy).[53]

In the case o f  octupolar molecules that possess a three-fold rotation axis (and 

dendritic system s [71]), there is a sort-of m ixing o f  the tw o sym m etry cases:[67,69] 

octupolar system s lack perm anent dipole m om ents, thus restricting TPA to transitions o f  

the type described by Term  III. On the other hand, they also have relaxed selection rules 

com pared to quadrupolar m olecules (which have inversion symmetry), and TPA 

transitions can occur from the ground state to the low est one-photon-allow ed state.[66- 

68] A nother theoretical approach for describing TPA  in octupolar systems considers the 

structure as being com posed o f  individual dipolar arm s that m ay, or m ay not, interact via 

the m olecular cen tre .[46] This approach, know n as the exciton model, [46,72] uses both 

Term  III and an expression sim ilar to Term  I, but m odified to  account for tensor 

com ponent addition within K leinm ann sym m etry ru les.[37,42] In the case o f  octupolar 

(and dendritic) fram eworks, choice o f  the central m oiety can lead to m olecules in which 

the dipolar arm s are either linked by conjugation,[49,69,71] or are effectively 

decoupled.[66,67] A  strong advantage to using octupolar system s in the design o f 

m aterials with large TPA lies in a possible link betw een the second-order m olecular 

polarizability, f i  and <T2)— a third-order nonlinearity .[67] A  linear trend between f3 and 

c/2) has been recently identified.[73] Thus, the large body o f  know ledge o f second-order 

response o f  octupolar m olecules m ay provide directed guidance for the engineering o f 

m olecules w ith large TPA .[74,75]

Structure-Property Relationships: Considerable research effort has been spent to 

determ ine m olecular design features that lead to increased TPA  activity. This effort has 

centered on influencing the various param eters o f  Eqns. 1.7 and 1.8. M aximizing TPA in 

conjugated chrom ophores involves a delicate balance between the tuning o f  various 

interm ediate and final energy levels and the m axim izing o f  perm anent and/or transition 

dipoles. Towards this end, a variety o f  m olecular structure param eters have been studied
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by both experim ental and theoretical m eans. Those that have been identified to impact 

m olecular two-photon absorption include m olecular geom etry and planarity ,[40,57,64] 

Donor/Acceptor substitution and strength ,[50,57,65,69] polar/m ultipolar

geom etry,[40,46,48,53,66] bond-length alternation,[40,48,76,77] and conjugation 

scheme/length. [50,51,57,65]

Conjugation length strongly influences T P A .[50,51,57] It has consistently been 

shown that on-peak cP^ increases rapidly w ith increasing conjugation length.[50,65] 

Similar to the case o f  the second-hyperpolarizability, y, w here the optical nonlinearity 

scales as a power-law as a function o f  conjugation length,[3 8,78] recent calculations 

predict even steeper pow er-law  increases in a (2) w ith increasing conjugation length.[47] 

The im pact o f  increasing the conjugation length is twofold: First, as the length is

increased (in oligomers, for exam ple), the optical gap decreases,[38] and thereby tunes 

the photon energy tow ards the low est one-photon allowed transition. This acts to reduce 

the denom inators in Eqn. 1.5.[45,57] Second, increasing conjugation enhances the charge 

separation within the m olecule, and leads to increases in both perm anent- and transition- 

dipoles. In fact, it has been experim entally shown that increased chain length especially 

increases Mge.[ 65]

Early TPA studies identified the benefit o f  substituting 7i-donors (D) and/or th- 

acceptors (A) across the conjugated m olecule, w here it was first shown that end-capping 

a linear bis(m ethylstyryl)benzene parent m olecule with donors leads to an 80-fold 

increase in c^2).[50] Subsequently, the effects o f  D/A strength have been widely 

studied.[51,57,61,69] In  both dipolar and sym m etric m olecules, functionalizing 

chromophores with strong donors and/or acceptors increases the ground-state 

polarization, and thus increases c/2). In the case o f  dipolar m olecules, a D-rt-A 

fram ework yields large dipole m om ents. Sim ilarly, in sym m etric systems, donor and 

acceptor strengths correlate w ith the size o f  transition dipoles;[51] particularly impacting 

the M ee' term .[65] Overall, it has been shown that TPA in D-71-D architecture is larger 

than for A-ji-A schem es.[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-71-A-71-D 

schem e.[50] For a discussion o f  the effects o f  donor/acceptor substitution pattern in 

tetrakis(phenylethynyl)benzenes (TPEBs), see Chapter 5
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Planarity and dim ensionality in the conjugated fram ew ork have also been shown 

to directly influence TPA. Studies have found that deviations from planarity in the 

conjugation netw ork/centre adversely affect c P \ [40,57,62] Others, have predicted 

conformational tw isting to have little effect on the TPA activity o f  certain m olecules.[64] 

Regardless, the type o f  7i-centre seems to be im portant in T P A .[51,65] D ifferent 

conjugation schem es can provide varying levels o f  polarizability,[38] and thus impact 

both energy tuning and charge separation. In the past, stilbenoid[7,50,65,66] and 

fluorene[60,79,80] chrom ophoric centers have shown considerable popularity. 

D im ensionality im pacts c/2> by allowing for conjugation to extend in several directions at 

once.[46,51] W hile early studies focused on quasi-one-dim ensional structures, recent 

studies have increasingly explored 2-D conjugation in the form o f  octupolar and dendritic 

frameworks. Careful choice o f  the central linkage can allow  for co-operative 

enhancement betw een conjugated paths, leading to sizable increases in c P \ [49,69,71] 

while deviations from both planarity and alignm ent o f  (transition)dipoles have been 

shown to hinder TPA  (vide supra), the benefit o f  increased dim ensionality does not seem 

straightforward. In fact, some studies have shown that w hen <j 2) is scaled by the num ber 

o f  arms or the num ber o f  m ultiple bonds, the per-unit cross section is sm aller in octupolar 

and dendritic structures than in sub-structures or the bare unit. [49,66] Thus, structure- 

property relationships between dim ensionality and TPA do not seem to be particularly 

well defined at present.

Finally, num erous theoretical studies have investigated the relationship between 

bond-length alternation and tw o-photon absorption.[40,41,48,76] Quantifiable bond- 

length alternation (BLA) com pares the differences in bond lengths along a conjugated 

chain.[81] A t one extrem e lies the covalent, or bond-alternate limit, for which the literal 

and fixed picture o f  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 o f  each m ultiple-bond are dedicated to that location, 

leading to m axim um  possible bond-length alternation. A t the other extrem e lies the 

cyanine, or bond-equivalent, lim it 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 o f  BLA as a defining
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param eter for nonlinear optical activity in conjugated system s.[82-85] These studies 

show that second-order and third-order nonlinearities exhibit disparate dependences on 

BLA. One m ight assum e that c /2) and y should show sim ilar trends, since they are both 

X(3)-based nonlinearities. Indeed, it has been shown that for dipolar structures, <j 2) shows 

a very similar BLA dependence to that o f  y;[48,76] peaking for a finite BLA .[87] 

Quadrupolar m olecules, on the other hand, are expected to exhibit peak TPA at a BLA o f 

zero .[48] The correlation betw een BLA and TPA  response m ay be well defined, but 

structure-property relationships for BLA itself are no t w ell established! [40] To engineer 

m olecules w ith a BLA  that m axim izes TPA, one m ust increase the ground-state 

polarization in such a w ay as to  both m axim ize charge transfer and m inim ize energy 

detuning. M inor changes in the detailed chemical structure and environm ent vary these 

param eters so strongly that a straightforw ard way to tune B LA  to m axim ize TPA has not 

yet been identified.

So m uch research has focused on the ground-state polarization that a natural 

question arises: W hat sym m etry class yields the largest TPA  cross-sections; dipolar, 

quadrupolar, or octupolar? As w ith most structure-property relationship in this area o f  

research, there m ay not be a straightforward answer. Several studies have specifically 

looked to directly com pare tw o o f  these classes.[46,48,51,53,66] A ll studies that have 

looked to com pare dipolar and quadrupolar geom etries claim  that quadrupolar is highly 

favorable over dipolar geom etry.[48,51,53] Furtherm ore, com parisons o f  octupolar and 

dipolar geom etry give the advantage to octupolar sym m etry.[46] F inally, comparisons o f 

octupolar and quadrupolar geom etries come out in favor o f  the latter. [66]

Problem s w ith com paring various geom etries extend beyond their peak a (2) 

values. As previously discussed, the description o f  TPA  in dipolar, quadrupolar, and 

octupolar m olecules em ploy different selection rules and thus different numerical 

expressions. W hile dipolar m olecules are well described by Eqn 1.7, quadrupolar and 

octupolar m olecules are oft described by Eqn 1.8. This m akes com parisons o f  their peak 

TPA problem atic. Furtherm ore, having different selection rules m eans that the TPA 

spectra are shifted differently for the various geom etries. Since octupolar and dipolar
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molecules can support TPA transitions to the low est excited state, their spectrum can 

follow that o f  the one-photon spectrum (at the sam e total energy). On the other hand, 

because the low est excited state is expected to be one-photon-allow ed and two-photon- 

forbidden in quadrupolar m olecules, their TPA spectra are blue-shifted with respect to the 

one-photon spectrum . Thus, quadrupolar and dipolar/octupolar m olecules may simply 

find uses in different TPA applications.[66] Eventually, processibility will become a 

m ajor concern that m ay im pact the usefulness o f  one geom etry over another. Thus far, the 

largest experim ental cross-sections found in quadrupolar and octupolar m olecules are the 

same within an order o f  magnitude, giving neither geom etry a well-defined advantage. 

And although dendritic m olecules 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 o f  single (non- 

dendritic) m olecules m easured with fem tosecond pulses lie in the order o f  2,000- 

5,000GM .[53,54] Figure 1.2 displays three representative h ig h -a (2) molecules.

Despite num erous studies o f  tw o-photon absorption structure-property 

relationships, no one param ount design feature has been identified, and thus, this area o f 

research is still very active. There are, however, som e general trends and guidelines for 

m axim izing TPA  in conjugated chromophores. The m ost im m ediate way to increase 

TPA is by extending the overall conjugation path. This will also have the added benefit o f 

moving the TPA  spectrum  deeper into the near-IR— a desirable feature for practical 

applications. T he superlinear increase o f  TPA w ith conjugation (vide supra) would be 

expected to saturate as the effective conjugation length is approached. Thus, careful 

choice o f conjugation scheme m ust be m ade in an attem pt to find schemes that have 

sufficient planarity  and longer effective conjugation lengths. Quadrupolar geometries 

appear to be as favorable as dipolar arrangem ents.(See conclusions arising from TPA in 

TPEBs; C hapter 5) Furtherm ore, end-capping with strong donor groups yields larger TPA 

activity than bis(acceptor) or donor-acceptor substitution. To effect an even better D-ti-A- 

ti-D scheme, substitution o f  acceptor groups as near as possible to the conjugated centre 

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

better alignm ent between transition dipoles.
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Strehmel-3 Strehmel-4

c 8h 17o 2 s NO

c^2)= 4100 GM ; A. = 816 nm o<2>=3000 GM ; A = 816 nm

MPPBT

2) = 2420 ± 460 GM ; X = 571 nm

Figure 1.2: Representative high two-photon absorbing compounds. High a (2)-values were obtained for 
Distyrylbenzene-based Strehmel-3 and Strehmel-4 using femtosecond two-photon excitation fluorescence 
spectroscopy.[53] High ct(2)-values were obtained for diacetylene-based MPPBT using femtosecond z-

1.3 Measurement of Two-Photon Absorption

The m easurem ent o f  tw o-photon absorption is straightforw ard, and a large 

num ber o f  experim ental techniques have been em ployed for this purpose.[2,4] Each 

technique has its advantages and disadvantages; w hereas som e are easy to implement, 

they m ay only provide limited inform ation. O thers are com plex or difficult to analyze, 

but provide unique inform ation. Currently, though m any techniques are in use, four 

approaches dom inate the field: single-beam  nonlinear-transm ission, two-photon 

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

techniques.

The simplest experim ent— and one that is still in use for optical limiting 

m easurem ents— is nonlinear transm ission.[2] By passing an intense (focused) laser beam 

into a sample, one can plot the transm itted power against the incident power. Deviations

scan. [54]
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from linearity indicate nonlinear absorption. The shape o f  the curve holds precise 

information regarding the various nonlinear absorption processes including two-photon 

and higher-order absorption, saturable absorption, and reverse saturable absorption. 

W hen using an ultrashort (fs) pulsed beam, the dom inant absorption m echanism  is two- 

photon absorption. C hapter 3 presents results and further background on such single

beam depletion m easurem ents. O ther m ore sophisticated techniques allow for better 

signal to noise extraction, and m ay each provide unique inform ation not accessible by the 

others.

Two-photon excitation fluorescence (TPEF) is a w idespread technique that 

utilizes the fact that m any conjugated chrom ophores display identical fluorescence 

spectra when excited by one photon or by two-photons at sim ilar sum energies.[88] The 

two-photon-excitation fluorescence quantum  efficiency is typically the same as that for 

one-photon excitation, and thus norm alizing TPEF signals to  the one-photon excitation 

fluorescence (OPEF) spectrum  o f  a standard allows for the calibration o f  both the 

quantum efficiency and collection efficiencies.[89] B enefits o f  TPEF are ease o f 

measurem ent and signal analysis. One drawback o f  TPEF is its dependence on quantum 

efficiency; m any m aterials o f  interest are non-emissive, or only w eakly emissive. Thus, 

signal resolution is relatively poor in such samples, and uncertainties are large when 

compared w ith some other techniques. Furtherm ore, fluorescence m easurem ents are 

typically lim ited to sam ples in solution, and thus make difficult the characterization o f  the 

TPA response in samples such as thin films or single crystals. Overall, however, TPEF is 

a highly attractive m eans o f  m easuring c (2> and is therefore quite popular.

A m ore recent technique that is ideally suited to  the m easurem ent o f  a (2) is the 

(open aperture) z-scan technique.[90,91] As with the previous two techniques, z-scan is a 

single-beam m easurem ent that provides degenerate cross-sections. In a typical open
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aperture z-scan m easurem ent, a collim ated beam  is focused into a sam ple 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 o f  the TPA process. 

As the sample is scanned through the focus, it experiences a varying intensity such that it 

absorbs m ost at the focus, and to a dim inishing degree aw ay from  the focus. One can then 

fit the resulting position-dependent attenuation profile to obtain an absolute measurem ent 

o f  cj2]{o)). Since the fitting depends strongly on the exact laser intensity and temporal 

profile, com plete knowledge o f  the laser beam  and pulse param eters are essential. Even 

though z-scan obtains absolute TPA cross-sections, signals are typically calibrated 

against that o f  a know n sample. [91] z-scan has access to the entire TPA spectrum, which 

m ay not be the case for T PE F;[92] especially in cases w here the lowest excited-state is 

one-photon forbidden and thus relaxes non-radiatively.[70,93] O f m ajor concern in z- 

scan are accum ulated therm al effects[94] and contributions from  excited state absorption, 

especially in non-ultrafast, high repetition-rate experim ents. These effects, however, are 

often removed by working aw ay from one-photon resonances, low ering the repetition 

rate, and using fem tosecond (fs) pulses.[4]

All three o f  the aforem entioned techniques are single-beam  m easurements. Over 

the years, num erous tw o- and m ultiple-beam  experim ents have been used for nonlinear 

optical characterization. These include optical Kerr gates and ellipsometers, coherent 

coupling, as w ell as four-wave m ixing layouts.[2,37,95] Such techniques are intrinsically 

suitable for the m easurem ent o f  the real (bireffingent) part o f  the optical nonlinearities, [4] 

but m any can be utilized for transient absorption type experim ents.[96] A two-beam 

experim ent m ay be more com plicated than the aforem entioned single-beam techniques, 

but it has several crucial and unique benefits: Typical ultrafast pum p-probe techniques 

em ploy a dual-beam  arrangem ent in w hich a weak pulsed beam is tim e-delayed with
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respect to a coherent strong pulsed beam. The w eak probe beam  can then be scanned to 

measure the tem poral-evolution o f  perturbations m ade in the sam ple by the intense pump 

beam. In applying these experim ents to the m easurem ent o f  nonlinear absorption, the 

polarizations o f  the pum p and probe beam s are set at conditions for w hich only a dichroic 

response is m easured. In a pum p-probe transient absorption experim ent, two-photon 

absorption is detected by the sim ultaneous absorption o f  a photon from each o f  the pump 

and probe beams. By varying the arrival tim e o f  the probe pulses, one can obtain the 

ultrafast tim e-evolution o f  the nonlinear absorption response. Furtherm ore, the two-beam 

arrangement allows for the possibility o f  a 2-colour experim ent that can provide the non

degenerate TPA response.[97,98] Traditionally, z-scan, nonlinear transm ission 

m easurem ents, and TPEF have utilized nanosecond or picosecond pulses, and thus must 

either ignore or account for the possibility o f  non-instantaneous excited-state absorption 

(ESA) artifacts.[4] These concerns are far from trivial, and im proper accounting for ESA 

has led to the reporting o f  nanosecond-pulse-m easured d 2> values that are three orders o f  

m agnitude higher than those reported w ith femtosecond pulses![61] W ith pum p-probe 

m easurements, in addition to m easuring the instantaneous tw o-photon absorption, the 

longer-lasting ESA m ay be directly m easured and characterized (See §2.3).[99] 

Drawbacks to using pum p-probe m easurem ents for the characterization o f TPA are the 

m ore com plex experim ental layout, and the relative difficulties is obtaining absolute t / 2) 

values. To account for this, signals are typically referenced to that o f  a standard sample. 

The following chapters detail our use o f  an in-house-designed optical Kerr gate for the 

measurem ent o f  ultrafast tim e-resolved nonlinear absorption processes in organic 

samples.
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CHAPTER 2:
D if f e r e n t ia l  O p t ic a l  K e r r  E f f e c t  (DOKE) 
f o r  t h e  C h a r a c t e r iz a t io n  o f  N o n l in e a r  
A b s o r p t io n  D y n a m ic s

2.1 Introduction

As outlined in the previous chapter, the characterization o f  both the real and 

imaginary contributions to a m aterial’s com plex third-order optical nonlinearities is 

advantageous. T he real com ponent o f  the third-order susceptibility gives rise to induced 

birefringence, and thus can be used for light-m odulation. The ultim ate goal o f  such 

applications is all optical switching, which will require highly nonlinear materials with 

ultrafast responses on a fem tosecond time scale.[1] A pplications that require high R e(x(3)) 

typically dem and near-com plete transparency and thus also require the condition o f 

negligible Im (x(3)). This is the prim ary reason that the study o f  the com plete %0) response 

o f  a sample has been im portant in the past. In recent years, however, attenuative 

nonlinearities such as tw o-photon absorption have leaped to the forefront o f  photonics 

research as the prim ary m echanism s for a variety o f  technological applications, as 

discussed in the previous chapter. Thus, the ability to study both the real and imaginary 

components o f  the third-order nonlinearities in a sam ple is an advantage to any 

experimental technique. M any popular techniques, such as third-harm onic generation 

(THG) and tw o-photon excitation fluorescence (TPEF), only access either the real or 

imaginary com ponent o f  the optical nonlinearity. [2] O ther popular techniques, such as z- 

scan,[3] w hich do obtain both components, provide very little inform ation about the 

temporal dynam ics o f  the optical nonlinearity. Pum p-probe experim ents, such as the 

various optical K err gate schemes, on the other hand, can be used to study the ultrafast 

tim e-resolved response o f  both the real and imaginary com ponents o f  x (3)-[4-7]
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2.2 Differential Optical Kerr Effect Detection

The Optical Kerr Gate: In essence, the optical K err effect (OK E) describes an optically- 

induced birefringence. Specifically, polarized light interacts w ith  a m edium  to modify the 

index o f refraction parallel and perpendicular to the axis o f  polarization. In a standard 

hom odyne K err gate, [4,8-11] an intense, linearly polarized pum p pulse induces a 

birefringence in an isotropic m edium . The anisotropy in the index o f  refraction, An = 

An// - An±, induced by the pum p pulse can be sam pled by a w eaker probe pulse that is 

linearly polarized, for m aximum effect, at 45° to the pum p polarization. The induced 

birefringence, An, results in a com plex phase-retardation in the probe beam that is given 

b y (j> = <f'+i<j)''. T he real com ponent o f  this phase delay, f t ,  represent the Optical Kerr 

effect, while the im aginary com ponent, </>” , m anifests as nonlinear absorption (two- 

photon absorption, for example). In this technique, the absence o f  Kerr rotation in the 

sam ple leads to a null signal on a photodiode placed after the analyzer. On the other hand, 

rotated probe polarization com ponents will pass through the K err gate and provide a 

photodiode signal. Furthermore, the arrival tim e o f  the probe beam  m ay be varied with 

respect to that o f  pum p pulse, yielding a tem poral profile o f  the induced birefringence. 

W hen the pum p 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 w ith crossed polarizers, the detected signal is proportional to the square 

o f  the pump intensity .[12] As a drawback, a hom odyne K err gate is unable to separate 

the real and im aginary components o f  %(3>. Furtherm ore, w orking about a zero light 

background m eans that any unwanted scatter or leakage through the analyzer may be o f  

the same order as the Kerr signal.

In an attem pt to separate the real and im aginary com ponents o f  %(3) and to obtain 

signals that are m uch larger than the am bient scatter noise, another detection scheme—  

optical heterodyne detection (OHD-OKE)— is used by the vast m ajority o f  optical Kerr 

effect researchers.[12-15] In this elegant technique, a quarter-w ave plate is placed 

between the probe polarizer and sam ple such that the long axis o f  the quarter-wave plate 

is parallel to the polarizer. By slightly rotating the polarizer, n/2 out-of-phase light m ay 

be added to the probe beam, and the real part o f  the nonlinear response may be extracted
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from the Kerr signal. A s an added advantage, the O HD -O KE signal is linear in pump 

intensity.[12]

We have developed a m odified detection scheme that in addition to m aintaining 

the aforem entioned attributes o f  O H D -O K E has simplicity o f  both analysis and detection 

as well as robustness o f  signal as attractive advantages. Furtherm ore, it provides a larger 

dynam ic range o f  signal linearity.[5] O ur differential optical K err effect (DOKE) 

detection utilizes both the quarter-w ave plate and analyzer differently than OHD-OKE. 

Furthermore, analysis o f  the com plete probe beam  with the use o f  differential detectors 

establishes DO K E detection as a unique K err gate arrangement. D OK E detection is, 

however, similar to  various optical biasing schemes routinely used in free-space electro

optic sampling o f  TH z pulses.[16,17]

Differential Optical Kerr Effect (DOKE): Our Kerr gate, illustrated in Fig. 2.1, is laid 

out as follows: A  m ulti-pass Ti:sapphire laser am plifier outputs 800 nm, 100 fs, 650 pJ 

pulses at a repetition rate o f  1080 Hz. The beam  is split into pum p and probe beams, with 

the beamsplitter providing a 10:1 pum p:probe energy ratio. The probe pulse is time- 

delayed with respect to the pum p pulse by a com puter controlled retro-reflector delay 

stage along the probe arm, with 0.7 fs step resolution. The pum p pulse is chopped by a 

50% duty cycle chopper (CH) at lA o f  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 w ith a sam ple solution (S). A ttenuation control is 

present for both beam s. A t the sam ple, w e typically use 0.043 pJ and 0.5-2 pJ pulses for 

the probe and pum p beams, respectively. The w eaker probe beam  is polarized vertically 

and then passes through a quarter-wave plate (Z/4) to produce circularly-polarized probe 

light. The probe light is focused to  overlap in the sample w ith the near-collinear pump 

beam  (0<5°). The probe beam  is focused m ore tightly than the pum p beam  to ensure 

uniform pump intensity over the probe beam  area. Typical spot diam eters (and incident 

powers) at the sam ple are -2 5 0  pm  (approx. 0.8 GW /cm2) and -4 9 0  pm  (approx. 2.5-10 

GW /cm 2) for the probe and pum p beams, respectively. The pum p beam  is blocked after 

the sample, while the probe light is allow ed to travel to a W ollaston polarizer acting as 

the analyzer. Here, the two polarization-separated transm itted beam s are directed to
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Figure 2.1: A schematic o f 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 A receives the horizontally polarized beam, 

and photodiode B  receives the vertically polarized beam. The sum  and difference (A+B 

and A-B, respectively) o f  these signals are sent to separate lock-in am plifiers. The A-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 com puter (PC) used for analysis and delay-stage control.

As outlined previously ,[5] the key features o f  the DOK E setup are that A-B  detection 

acts as our Kerr effect signal, while in the absence o f  nonlinear absorption, A+B  acts as a 

probe beam  reference. In the presence o f  nonlinear absorption, A+B  acts as a direct and 

independent detection o f  such processes. The photodiodes are calibrated so that in the 

absence o f  any birefringence, A  and B signals are equal and A-B  gives a zero background 

signal.[18] The real and im aginary components o f  the sam ple nonlinearity are obtained 

with the sequential im plem entation o f  two polarization conditions;[5] By setting the
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pump polarization either vertical or horizontal (that is, orthogonal to the pre-X/4 probe 

polarization) the dichroic response m ay be directly obtained. In this case, (known as the 

“dichroic DOKE polarization condition”) the ratio o f  A-B  to A+B  provides us with the 

imaginary nonlinear phase-shift, (f>\ w hich is directly proportional to both the third-order 

susceptibility, Im (x(3)), and the tw o-photon cross section c/2/>:[2,5]

— -  = tanh<T , 2.1
A + B

 — __ /  lm fy (3)l =  2 2
0 2 s0cXn20 pump lZ 1 hco

where I is the cuvette path length, so is the perm ittivity o f  free space, no is the linear index 

o f  refraction, c is the speed o f  light, X is the probe w avelength, Ipump is the pump intensity, 

Nc is the sam ple num ber-concentration, co is the probe frequency, and cf2) is the two- 

photon cross-section. Typically, f  is kept below  0.08 (8 %  m odulation) and tanhfz

Subsequently, by setting the pum p polarization at 45° to the vertical, the induced 

birefringence (Kerr) signal is obtained, and the real com ponent o f  the nonlinearity may be 

extracted. In this case (referred to as the birefringent DOKE polarization condition), the 

ratio o f  A-B  to A+B  provides us w ith a convolution o f  the real {</>’) and imaginary ( f y) 

nonlinear phase shift: [5]

A - B  _ s\n<j>' ^

A + B  c o s h ^ " ’

3 id x

2 s 0cXn02 pump R e [ j (3)], 2.4

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

second-hyperpolarizability, <p>, is directly related to the third-order susceptibility by [5]
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modifications to the optical field in m icroscopic environm ents.[19]

Thus, by iteration o f  the birefringent and dichroic polarization conditions, we can 

separate the real and im aginary nonlinear com ponents. U nlike som e other Kerr-gate 

arrangements, DOK E signals are linear w ith pum p beam  intensity, and remain so for a 

large dynamic range, allowing for sim plified analysis. N onetheless, w e typically keep </>' 

to less than 0.15 radians.

As dem onstrated above, absolute d 2) and y  values m ay be obtained w ith DOKE 

detection. To effect this, detailed know ledge o f  laser pulse and focusing param eters are 

needed. These include the tem poral beam  profile and the spatial beam  param eters at the 

sample location. In practice, the use o f  a calibrated reference sam ple allows relative yand 

<f> values to  be obtained, and significantly sim plifies the signal analysis.[19] In general, 

where subscripts R  and S  denote reference and sample, respectively, ^ y>s m ay be 

calculated from

In the case w here the sam ple is dilute enough to leave the index o f  refraction unchanged 

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

The relative second hyperpolarizability is obtained from this and Eqn 2.5, and is given by

2.5

where L = (W + 2)/3  is the Lorentz field factor, w hich accounts for dielectric

2.6

2.7
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We typically study sam ples as solutions in tetrahydrofuran (THF). Subsequently, THF is

Calculating TPA  coefficients is som ew hat m ore com plicated. T he solvent does not 

generally display any nonlinear absorption, and thus, an external reference must be used. 

Unfortunately, there is no com m on or w ell-established standard for pum p-probe TPA 

measurem ents; a different standard/reference is used by each group. Once a reference 

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

according to

THF displays no tw o-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 o f 

MPPBT in dim ethyl sulfoxide (DM SO) as a nonlinear absorption reference. MPPBT 

shows strong TPA  across the entire vis-nearIR  range, and displays great optical and 

environm ental stability. Furtherm ore, it has been w ell-characterized by z-scan 

measurem ents and is thus a good choice for a reference m aterial.[21] For 800 nm DOKE 

m easurem ents we use c/ \ h>pbt= 390  GM .[21] The chemical structure o f  MPPBT is 

shown in F ig 1.2.

2.8

used as a reference for all ^-values studied here, w ith = y 1HF = 5.2 x 10 37esu .[18]

2.9

and

2.10
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2.3 Proof of Principle and Characterization of the DOKE Technique

We have previously dem onstrated our abilities to obtain absolute y  values with DOKE 

that compare well w ith those reported in the literature.[5,20] In that work, we also 

outlined the possibility o f  using D O K E for the quantitative study o f  nonlinear absorption 

(NLA) processes. Here, we present the realization o f  that potential, and detail the use o f  

DOKE detection to  the characterization o f  tw o-photon absorption and excited-state 

absorption dynam ics. Raw, tim e-resolved D O K E scans in both polarization conditions 

are presented in A ppendix C.

Two-Photon Absorption and Excited-State Absorption as Detected by DOKE:

Because DO K E detection m onitors the probe beam  at the pum p m odulation frequency, it 

is only sensitive to pum p-induced changes in the probe. Subsequently, there are typically 

tw o different types o f  NLA processes m easured by DOKE, as shown in Fig. 2.2: Two- 

photon absorption is an instantaneous process and is detected when one photon from each 

o f  the pump and probe beam s is sim ultaneously absorbed. This signal m anifests itself as a 

cross-correlation o f  the tw o pulses, centred at zero probe delay time. Furtherm ore, as the 

pum p beam is strong enough to induce TPA transitions in the absence o f  the probe beam, 

subsequent long-lasting probe absorption signals are detected due to tw o-photon accessed 

excited-state absorption (ESA ).[22] ESA is an im portant process, the detection o f  which 

m akes the D O K E technique very useful for the characterization o f  ultrafast nonlinear 

absorption dynam ics. Figure 2.3 displays long DOK E scans in the dichroic polarization 

condition for a 3.0 mM  sample o f  MPPBT in DM SO that displays considerable excited- 

state absorption. MPPBT displays an ESA exponential decay rate o f  approxim ately 30±2 

ps, and although the ESA signal is essentially gone by 120 ps, the w eight o f  the ESA 

signal is large w ith respect to that o f  the pure TPA. O ther techniques such as z-scan or 

single-beam  attenuation, that m easure nonlinear absorption w ith nanosecond or
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picosecond pulses w ould, therefore, considerably overestim ate c/2j from TPA. Thus, 

studies conducted w ith  ns pulses have often found cross-sections that are up to four 

orders o f m agnitude higher than those m easured w ith ultrafast (fs) pulses.[21,23] ESA is 

not solely a parasitic signal. The nonlinear absorption dynam ics m ay contain information 

about the dynam ics o f  both the populating and de-populating o f  the state from which 

ESA occurs, and thus can provide im portant inform ation regarding the energetics o f  the 

excited state in TPA  m olecules. The m ost direct way to confirm  that the TPA and ESA 

responses illustrated in Fig. 2.3 are correctly attributed to the phenom ena described in 

Fig. 2.2 is w ith pow er-dependence studies. Inspection o f  the TPA  process shown in Fig.

2.2 shows that the response should scale linearly with both pum p and probe powers. 

Furthermore, the tw o-photon-accessed excited-state absorption signal should scale with 

the pump power as / 2pump. These relationships are shown in Figs. 2.4 and 2.5. Figure 2.4 

shows that MPPBT presents a strictly linear relationship w ith pum p power on the TPA 

peak; m aintaining linearity throughout the range o f  pum p pow ers w e typically use in 

DOKE experim ents. F igure 2.5 shows that MPPBT displays a square-dependence o f  the 

pump power at a probe delay tim e o f  5 ps. This square dependence is m aintained 

throughout the typical pum p pow ers used in DOKE experim ents, but shows behaviour 

that deviates tow ards a lower pow er-dependence at higher pum p pow ers. As mentioned, 

ESA dynamics in MPPBT show bi-exponential decay; with a fast com ponent o f  -2 .7  ps 

(see Fig. 2.3). Thus, it is possible that at higher excitation pow ers, signal from this 

response is m ixing w ith that o f  the longer decay tim e 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.

0.04 double-exponential decay:

-0 .016 . -  30 ± 2 ps

1x10'*

- 0.012CQ

<C
0.02

ETt<

1x10'4
probe delay time (ps)

-0 .008

-0.004

•0.0000.00

0.5 0.0 0.5 1.0 1.5 -20 0 20 40 60  80 100 120

probe delay time (ps)
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 o f 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 o f 0 ps) nonlinear absorption DOKE response in MPPBT. A linear 
dependence with pump power is an indication o f 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.
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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=CoH5 
AF50: R=Ci0H2t

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 cf2) Values as Proof of Principle: W e have obtained/synthesized 

two samples for w hich the nonlinear absorption characteristics at 800 nm have been 

reported by other groups. W e have subsequently characterized their nonlinearities with 

the DOKE layout for com parison and their future use as reference samples. The TPA 

spectrum o f  MPPBT has been extensively studied by K am ada et al. w ith the ultrafast z- 

scan technique,[21] and w e currently use this sample as a TPA  standard for all 

experiments.[25,26] We synthesized AF60 for the sole purpose o f  obtaining a secondary 

calibration o f  our D O K E analysis. The two-photon absorption response at 800 nm o f  the 

AF-X series o f  m olecules has been w idely reported by Prasad et al., w hom  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 c/2) values that differ by less than 20% 

when measured by ns pulses, [27] and w ould be expected to  have even closer cross- 

sections when m easured by fs pulses w here contribution from  excited state absorption 

can be eliminated. F igure 2.7 presents the raw  DOKE signals from  AF60, MPPBT, and 

their respective solvents o f  THF and DM SO. From these scans it is evident that THF and 

DM SO lack m easurable resonant TPA at 800nm, while their traces, shown in the figure 

inset, follow the typical dispersive lineshape o f  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 o f  c/2)=390±60 GM  for MPPBT and c/2)=60+10 GM  for AF60. Our 

DOKE derived MPPBT value is in excellent agreement with the literature value o f c/2) = 

380140 GM  for MPPBT in D M SO  [1.6 mM] measured w ith the z-scan m ethod (126 fs,
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802 nm, 1kHz pu lses).[21] The D O K E-derived AF60 results are also in excellent 

agreem ent w ith cj2> = 63±11 GM , as m easured by z-scan under the same conditions.[30] 

Furthermore, com parisons can be m ade between the D O K E-derived TPA cross-section o f 

AF60 and that o f  AF50 as studied by Kim et a /. [23] AF60 differs from AF50 only in 

length o f alkyl side chains (Fig. 2.6). The reported value o f  AF50 in benzene (c/2)= 

3 0 x l0 '50 GM ) m easured w ith fem tosecond pulses by the sam e group is the same order o f 

our value for AF60 in T H F.[23] Furthermore, in subsequent studies, AF50 exhibited 

very similar tim e-resolved beam  attenuation behaviour in their ultrafast transient 

absorption m easurem ents 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 m any ways, A+B 

measured at the probe repetition rate represents a standard transient absorption 

m easurement, and gives a rough guideline to the nonlinear absorption (NLA) dynamics in 

the samples. A-B  m easured at the pump repetition rate presents the dichroic signal, and 

provides increased signal relative to noise, as can be seen from  a com parison o f A+B 

signals in Fig.

0.09
THF0.08 2SmM AF60 in THF

JZ  o  
C
B 5S

0.07

CQ 0.06 

<  0.05 

0.04 

< t 0.03
Probe Delay Time (ps)

0.02
THF,
DMSO'0.01

0.00

0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Probe Delay Time (ps)

Figure 2.7: Time resolved nonlinear absorption signals o f 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 c/2> values. The 
dashed line establishes a baseline for the A+B signal.

2.8, A-B  signals in Fig. 2.8, and the (A-B)/(A+B) signals from Fig 2.3. The com bination 

o f  the two signals gives the (A-B)/(A+B) analysis o f  the D O K E technique. As m entioned 

in the previous section, the A+B  signal provides an independent m easurem ent o f  c/2) 

through simple beam  attenuation analysis. From  the signals in Fig 2.8, the A+B  response 

estim ates a value o f  c/2/i=70±20 GM , in agreem ent w ith the m ore precise D OK E analysis. 

A further com parison o f  the quantitative values obtained with D OK E detection and the 

single-beam  transm ission m ethod is presented in C hapter 3.

Nonlinear Dichroism vs. Nonlinear Absorption: The com plete treatm ent o f  nonlinear 

absorption in conjugated m olecules m ust take into account the full polarization 

relationship o f  the pump and probe beams. The relative angle o f  polarization between the 

pum p and probe determines the strength o f  the various dipole and transition dipole 

m om ents, as outlined by Birge and Pierce in 1979.[31] In that study, Birge and Pierce
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looked at TPA  that is degenerate in energy (but not in polarization) in conjugated 

polyenes, and found that the relative polarization o f  the pum p and probe beams 

influences the overall TPA  cross-section. This effect directly im pacts DOKE-obtained 

signals, as it w ould im ply that there is a quantitative difference betw een signals obtained 

in the DOKE dichroic polarization condition, where the pum p beam  is linearly polarized 

and the probe beam  is circularly polarized, and standard transient absorption conditions 

where both beam s are linearly po larized.[31] Figure 2.9 shows transient absorption 

signals from a solution o f  tetrakis(phenylethynyl)benzene (orf/io -T PE B ) in THF (see 

chapter 5 for a full description o f  this series o f  2-dim ensionally conjugated isomers). For 

transient absorption signals, we m odified the DOK E layout by rem oving the quarter- 

wave plate from the probe arm. For im proved signal-to-noise, w e m onitored the A+B  

signal at the pum p beam  frequency o f  270 Hz by lock-in detection. Since A+B  represents 

the total probe power, m odulations in this signal indicate pum p-induced probe depletion, 

and thus nonlinear absorption. As can be seen from Fig. 2.9, TPA  is m axim ized in this 

sample when both pum p and probe beam s are polarized parallel to each other. W hen they 

are polarized perpendicular to each other, less TPA takes place— but it is still very m uch 

present. A t a relative polarization angle o f  45° between the pum p and probe, an average 

o f the two previous cases is obtained. The ratio o f  on-peak TPA  in the parallel and 

perpendicular condition is 2.8:1 in this sample. B irge and Pierce predict a ratio o f  3:1 for 

conjugated chrom ophores when the m olecules are assum ed in their ideal planar geometry 

and the dipole and transition dipole m om ents 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 o f  the dichroic ESA signals is the same as that for 

TPA. The significance o f  this is unclear, as Birge and Pierce addressed the dichroism  o f 

instantaneous TPA only ,[31] and tw o-photon accessed ESA  is effectively a %(5) 

process. [32]

One way in w hich DOKE detection differs from standard transient absorption is in 

that the sam ple is probed with circular polarized light. Figure 2.10 com pares the dichroic 

signals o f  orf/io -T P E B  taken w ith a linearly polarized pum p beam  and a circular-
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polarized probe beam , and that in w hich both  linearly po larized  pum p and probe beam s 

are used. A ttenuation o f  A+B  signal is identical for bo th  the d ichroic and bireffingent 

DO K E polarization conditions. Furtherm ore, these signals are identical to the case o f  a 

45° relative polarization betw een the pum p and probe beam s. This establishes another 

strong advantage to the D O K E technique: Since the d ichroic signal is identical in both  

DOK E polarization  conditions, its polarization dependence can be neglected. O n the 

other hand, standard transien t absorption experim ents need  careful m onitoring o f  the 

relative polarization  betw een the pum p and probe beam s. A gain, these sentim ents follow  

for the E SA  signal as well, w hich is identical for bo th  o f  the D O K E polarization 

conditions as w ell as for the 45° transient absorption signal, for the entirety o f  the long, 

70 ps, scans.

-I— |— r- -i— p

d  2.5

nT 2.0
X
£2 1.5
CvJ

•pump parallel to probe 
■ pump at 45° to probe 
- pump perpendicular to probe

Bu2Nv ^

Bu2N^^
ortho-TPEB

' 0.0

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Probe delay time (ps)

Figure 2.9: [colour] Transient absorption signals from a tetrakis(phenylethynyl)benzene (ortAo-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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Trans, ab. perpendicular pump 
Trans, ab. 45° pump 
DOKE perpendicular pump 
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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 ort/io-TPEB (structure is shown in Fig. 2.9).

DOKE vs. Standard Transient Absorption Experiments: The preceding paragraphs 

m ay prom pt the following question: I f  D O K E detection  provides the same basic 

inform ation as standard transient absorption experim ents, w hat additional advantages 

does it possess that warrant its use? The real pow er behind  the DOKE technique is in its 

ability  to extract inform ation about the dynam ics o f  R e[y(,)J in addition to Im[%(3̂ ]. That 

is, DOKE detection can investigate polarization-dependent induced-birefringence 

responses in conjugated chrom ophores, in addition to T PA  and ESA. To punctuate this 

point, Fig. 2.11 presents various signals from  urt/iu-TPEB; the A+B  signal detected at 

the m odulated pum p frequency o f  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 elem ent o f  DO K E detection; and A-B  at 

270 Hz, w hich is the real key to D O K E detection. Furtherm ore, all o f  these signals are 

obtained in the birefringent D O K E condition w here the pum p beam  is polarized at 45° to 

the pre-Z/4-plate probe beam. From  Fig. 2.11 it can be seen that both A+B  signals are
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basically the same in shape, and represent a purely absorptive response. The signal A-B, 

on the other hand, appears com pletely different— as it should— since it m ostly represents 

a birefringent response. In fact, in the absence o f  gain, the A+B signals w ill remain 

positive, while it is possible for y=-derived signals to be negative. Following Eqn. 2.3, for 

DOKE analysis o f  the birefringent condition, both the signals o f  A-B  signal 270 Hz and 

A+B  at 1 kHz are needed. Inspection o f  Fig. 2.11 clearly suggests that the long-term 

dynamics o f  the excited-state dichroism  and birefringence are different. This, again, is 

something that D O K E can extract, as shown in Fig. 2.12. Here, one can see that the 

differences in long-lasting birefringence and absorption dynam ics can be resolved, with 

the birefringence condition providing far better signal-to-noise than the dichroic signal. 

This is mainly due to the strength o f  the signal, as F ig 2.12 is to scale, but Fig 2.11 is not.

2.5

2.0
A + B  d e t e c t e d  a t  1 0 8 0  H z  

A + B  d e t e c t e d  a t  2 7 0  H z  

A - B  d e t e c t e d  a t  2 7 0  H z

0,5

0.0

-0.5

750 1500 2250 3000 3750-750 0

Probe delay time (fs)

Figure 2.11: Various signals from orf/io-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 o f 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 o f  nonlinear absorption dynamics 

including tw o-photon absorption (TPA) and tw o-photon-accessed excited-state 

absorption (ESA). In previous w orks, we have established D O K E as a powerful 

technique for the m easurem ent o f  the com plim entary Re[%(3)] response .[5,20] We have 

presented com parisons o f  absolute c/A values o f  M P P B T  and A F60 to those presented in 

the literature, and find that the D OK E technique faithfully reproduces both the cross- 

section and excited-state dynam ics o f  other techniques. Furtherm ore, w e have confirmed 

some key conditions o f  DOKE detection such as the linear relationship between pump 

beam intensity and on-peak TPA and the square dependence o f  pum p beam  intensity on 

off-peak ESA. Specific attention was paid to differences between a standard pump-probe 

transient absorption experim ent and the DOKE technique, show ing that DOKE is not 

sensitive to changes in dichroism  as a function o f  relative pum p-probe polarization.

46

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



C h a p t e r  2: DOKE C h a r a c t e r i z a t i o n  o f  N o n l i n e a r  A b s o r p t i o n

d y n a m i c s

2.5 References

[1] G. I. Stegem an and A. M iller, Photonics in Switching, in Background and
Com ponents, edited by J. E. M idw inter (A cadem ic Press, San Diego, 1993), Vol.
I.

[2] R. L. Sutherland, D. G. M cLean, and S. K irkpatrick, Handbook o f  nonlinear
optics (M arcel D ekker, N ew York, 2003).

[3] M. Sheikbahae, A. A. Said, T. H. W ei, D. J. H agan, and E. W. Van-Stryland,
IEEE J. Quant. Elect. 26, 760 (1990).

[4] Y. Pang, M . Samoc, and P. N. Prasad, J. Chem . Phys. 94, 5282 (1991).

[5] A. D. Slepkov, Third-Order Nonlinearities o f  Novel iso-Poly diacetylenes Studied 
by a Differential Optical Kerr Effect Detection Technique, M.Sc. thesis. 
University o f  Alberta, Edm onton, 2001.

[6] I. Kang, T. Krauss, and F. Wise, Opt. Lett. 22, 1077 (1997).

[7] J. W ang, M. Sheikbahae, A. A. Said, D. J. Hagan, and E. W. Vanstryland, J. Opt. 
Soc. Am. B. 11, 1009 (1994)

[8] S. Guha, C. C. Frazier, P. L. Porter, K. Kang, and S. E. Finberg, Opt. Lett. 14, 952 
(1989).

[9] M. G. Kuzyk, R. A. Norwood, J. W. Wu, and A. F. Garito, J. Opt. Soc. Am. B. 6, 
154 (1989).

[10] N. Pfeffer, F. Charra, and J. M. N unzi, Opt. Lett. 16, 1987 (1991).

[11] P. P. Ho and R. R. Alfano, Phys. Rev. A  20, 2170 (1979).

[12] M. E. Orczyk, M. Samoc, J. Swiatkiewicz, and P. N. Prasad, J. Chem. Phys. 98,
2524 (1993).

[13] D. M cM orrow, W. T. Lotshaw, and G. A. K enney-W allace, IEEE J. Quant. Elect. 
24, 443 (1988).

[14] M. D. Levenson and G. L. Eesley, Appl. Phys. 19, 1 (1979).

[15] K. K am ada, M. Ueda, T. Sakaguchi, K. Ohta, and T. Fukumi, Chem. Phys. Lett. 
263, 215 (1996).

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

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

47

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



C h a p t e r  2: DOKE C h a r a c t e r i z a t i o n  o f  N o n l i n e a r  A b s o r p t i o n
DYNAM ICS

[18] Regardless, it should be noted that instead o f  (A-B), it is the m odulation in (A-B) 
at the chopper frequency that is actually detected; This m odulation in (A-B) also 
gives a zero baseline signal in the absence o f  birefringence

[19] P. N . B utcher and D . Cotter, The Elements o f  Nonlinear Optics (Cambridge 
University Press, Cam bridge, 1990).

[20] A. D. Slepkov, F. A. Hegm ann, Y. Zhao, R. R. Tykw inski, and K. Kamada, J. 
Chem. Phys. 116, 3834 (2002).

[21] K. Kam ada, K. Ohta, I. Yoichiro, and K. Kondo, Chem . Phys. Lett. 372, 386 
(2003).

[22] S. K ershaw, Two Photon Absorption, in C haracterization Techniques and 
Tabulations for Organic N onlinear Optical M aterials, edited by M. G. K uzyk and 
C. W. D irk (M arcel D ekker, N ew  York, 1998).

[23] O.-K. Kim , K.-S. Lee, H. Y. W oo, K .-S. Kim, G. S. He, J. Swiatkiewicz, and P. 
N. Prasad, Chem. M ater. 12, 284 (2000).

[24] K. Kamada: private com m unication, 2003.

[25] A. D. Slepkov, J. A. M arsden, J. J. M iller, L. D. Shirtcliff, M . M. Haley, K. 
Kamada, R. R. Tykwinski, and F. A. Hegmann, in Nonlinear Optical
Transmission and Multiphoton Processes in Organics III, Proc. o f  SPIE, 5934, p.
593405, 2005.

[26] Y. Zhao, Y. Shirai, A . D. Slepkov, L. Cheng, L. B. A lem any, T. Sasaki, F. A. 
Hegmann, and J. M. Tour, Chem. Eur. J. 11, 3643 (2005).

[27] R. K annan, G. S. He, L. Yuan, F. Xu, P. N. Prasad, A . G. D om broskie, B. A.
Reinhardt, J. W. Baur, R. A. Vaia, and L.-S. Tan, Chem. M ater. 13, 1896 (2001).

[28] J. Swiatkiewicz, P. N . Prasad, and B. A . Reinhardt, Opt. Com m un. 157, 135 
(1998).

[29] L. D. Z iegler and X. J. Jordanides, Chem. Phys. Lett. 352, 270 (2002).

[30] K. Kamada, private com m unication, 2002. This value is for 10.2 m M  o f  AF60 in
THF.

[31] R. R. B irge and B. M. Pierce, J. Chem. Phys. 70, 165 (1979).

[32] A. A. Said, C. W amsley, D. J. Hagan, E. W. Van Stryland, B. A. Reinhardt, P.
Roderer, and A. G. Dillard, Chem. Phys. Lett. 228, 646 (1994).

48

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



C h a p t e r  3 : V e r i f i c a t i o n  B y  S i n g l e - B e a m  E x p e r i m e n t s  o n  M P P B T

CHAPTER 3:
V e r if ic a t io n  o f  D O K E -O b t a in e d  T PA  C r o s s - 
Se c t io n s  B y  S in g l e -B e a m  E x p e r im e n t s  o n  
M P P B T

In order to further verify the quantitative TPA results obtained w ith the new  DOKE 

setup, we conducted a sim ple single-beam absorption experim ent.[1,2] In this 

experiment, we pass a single slightly-focused beam  through the sample, carefully 

m onitoring both total input and output powers. B y varying the incident power, we can 

observe intensity-dependent (i.e. nonlinear) absorption in the sam ple. Analysis o f  these 

results is straightforw ard, but requires com plete knowledge o f  input beam parameters, 

such as pulse shape, spot-size, and pulse duration.

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

may be given by

where z is the beam  propagation direction, I  is the beam intensity, a  is the absorption

sample, o f  path length L, the em erging intensity I, is given related to the incident 

intensity, Io, by

d l  = -a ld z  -  a {2)I 2d z , 3.1

coefficient, and A 2> is the tw o-photon absorption coefficient. Integrating over the entire

3.2
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For m ost application-driven TPA samples, linear absorption is negligible at the 

w avelengths o f  interest. For such m aterials ( a L «  1), and the intensity-dependent 

absorption is given by

I  e~aL
/ =  0   3 3

1 + a (2)L IQ ’

to first order in d 2)L. This is sim ply the linear (B eer’s-law  reduced) transm ission 

m ultiplied by a nonlinear transm ission term. For pulsed beam s in w hich the time and 

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

intensity m ay be given by [1,3]

ln(l + a {2)L I0) 
a m L

Typically, we can directly m easure the beam  power, P (in W atts), rather than the 

intensity, I  (in W /m 2). The power transm itted through the sam ple,

ln(l + q ' l2> LP0) 

a 'm L

is related to  Eqn. 3.4, but yields a cP ^ value in W ’m '1, rather than d 2) in m/W . The 

experim entally-obtained cr’(2) is related to the conventionally reported o/2) through

( 2 ) CC'{1)A tRc r   ------------- , 3.6

where A  is the G aussian spot size, R  is the pulse repetition rate, and t  is the Gaussian 

pulse duration (FW HM -V2). The tw o-photon cross-section, is related to d 2] via
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(2) a {1)Tico a {2)ch
cr —----------- = ------------ , 3 . /

N 0 N 0X

where c is the speed o f  light, h is P lanck’s constant, X is the incident beam wavelength, 

and N 0 is the m olecular num ber density (concentration) o f  the sam ple, in n f3. c/2) is 

typically reported in Goppert-M ayers (GM ), equivalent to  10'50 cm4s ’photon^m olec.’1. 

Thus, using Equations 3.6 and 3.7, a convenient form for the experim entally obtained 

single-beam TPA  cross-section, m ay be given by

a (1){ G M ) = a (  )cMT- x l O \  3.8
v '  2 N 0X

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

To verify the c/2)-value we obtain from the second DO K E condition, we 

conducted single-beam  m easurem ents on M PPB T sam ples o f  various concentrations in 

dim ethylsulfoxide (DM SO). Figure 3.1 presents the input- versus output powers, along 

with fits to an equation sim ilar to 3.5, but m odified to account for an intensity- 

independent reflection at the front surface o f  the 1 mm path-length quartz cuvette. Front- 

surface reflection is easier to  account for com pared w ith 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 m anifest as deviations from linearity, the vacant- 

path run was fit to a polynom ial o f  order 3, and re-norm alized for linearity. All 

subsequent single-beam  experim ent runs o f  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. A s is evident from Figure 3.1 and Table 3.1, the 

blank solvent DM SO does not display any nonlinear absorption, but does display a linear 

trend with a slope sm aller than 1. This is evidence o f  reflection losses at the front (and 

probably back) surface. The fits for all sam ple trials yield a reflection coefficient o f  0.06- 

0.07 (6% to 7%), as has been previously m easured for our specific sam ple cuvettes.[4] 

Fits to the 3 mM M PPB T in DM SO trials yield a nonlinear absorption coefficient o f
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(0 .110±0.017)x l06 m"1 W"1. W ith a m easured (slightly elliptical) spot size o f  approx. 

(5.8)xl0"s m 2, and a G aussian pulse width o f  78 fs, w e obtain a TPA  cross-section o f 

c ^ m p p b t = 3 4 0 ± 6 0  GM , this value is com parable to 380 GM , obtained directly by the 

DOKE technique [see §2.3], The m ore concentrated M PPB T sam ples yield similar cross 

sections o f  c/^M PPB-r^O idO G M  and c / ^ m p p b t = 3 0 0 ± 3 0 G M  for the 10 mM  and 20 mM 

samples, respectively. However, the more concentrated sam ples experience m uch larger 

absorptions, as is evident from Fig 3.1, and thus m ay be either experiencing saturation o f  

the tw o-photon signal or undergoing other phenom ena.[5] Thus, the best value to 

compare with our D O K E results are those o f  the 3 m M  sam ple, as it is this concentration 

at which w e conduct that vast m ajority o f  our experim ents on M PPBT. Regardless, the 

results obtained by the single-beam  m easurem ent agree w ith  our other results well, 

confirming our D O K E technique as a good quantitative tool for m easuring ultrafast 

nonlinear absorption phenom ena.

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

Sample « ’(2) 

(106 m ' V )

Reflection

factor

No

(molec./m'3)

c P

(GM)

Blank 0.006+0.003 0.001+0.001

DMSO 0.008+0.002 0.074±0.001

MPPBT (3 mM) 0.122±0.002

0.098+0.001

0.065±0.001

0 .074[al

1.81x1024 

1.81 x 1024

average 0 .1 10±0.017 1.81 x 1024 340+60

MPPBT (10 mM) 0.381+0.004

0.333+0.001

0.058±0.001

0 .074[al

6 .0 2 x 1 024 

6 .02x1024

average 0.357+0.024 6 .02x1024 330±40

MPPBT (20 mM) 0.683+0.004

0.612+0.002

0.052+0.001

0 .074 |a]

1 2 .0 4 x l0 24

1 2 .0 4 x l0 24

average 0.647+0.035 1 2 .0 4 x l0 24 300+30

[a) Parameter is fixed to match the fitted reflection from DMSO.
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t '------1------1------r

1000
* Blank (vacant path)
• DMSO
♦ 3m M MPPBT
* 10mM MPPBT 
« 20mM MPPBT

lnCl + O -^P^or® ')

I ............. t  I...........  , I.............l  1....j  -L  ..................1...... -

0 200 400 600 800 1000

Power in (|iW)
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 o f the sample cuvette. The output 
power was calibrated by a polynomial o f 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.
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CHAPTER 4:
L in e a r  a n d  N o n l in e a r  O p t ic a l  
C h a r a c t e r iz a t io n  o f  E x t e n d e d  P o l y y n e s : 
St r u c t u r a l  a n d  O p t ic a l  O n e -D im e n s io n a l  
Sy st e m s

4.1 Context

While diam ond, graphite, and fullerenes/nanotubes are w ell know n as allotropes 

o f carbon, carbyne— the hypothetical linear form o f  entirely sp-hybridized carbon— has 

presented significant synthetic challenges (See Fig. 4.1).[1] W ithin these carbon 

allotropes, the nature o f  the carbon-carbon bond allows for a w ide variation in electronic 

properties. A lthough sp3-hybridization yields insulating carbon in the form o f  diamond, 

sp2-hybridization can lead to  conductive properties, such as in graphite, or both the 

insulating and sem iconducting properties o f  nanotubes and fullerenes. The electronic 

properties o f  carbyne rem ain unknown. The sheer density o f  delocalized Tt-electrons 

within carbyne, however, offers the prom ise o f  an interesting electronic landscape. 

W hether carbyne is insulating, sem iconducting, or m etallic, rem ains to be discovered. 

Polyynes are the oligom eric cousins o f  carbyne, and it is hoped that the spectroscopic 

study o f polyynes will yield inform ation regarding the optical and electronic properties o f 

carbyne. Thus, our group has synthesized extended polyyne oligom ers w ith up to twenty 

consecutive sp-hybridized carbons and relatively benign end-groups, in an attempt to 

glimpse the properties o f  carbyne. Our optical and nonlinear optical investigations on 

extended polyynes represent the first o f  their kind, providing insightful trends as a 

function o f m olecular length. Furtherm ore, w hile it may not be surprising that polyynes 

are structurally one-dim ensional (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 o f  these finding in tw o letters,[3,4] an SPIE conference 

proceedings,[5] and a full article.[2] The follow ing chapter presents an integrated account 

o f  the optical and nonlinear optical experim ental results on tw o series o f  polyyne 

oligomers. Tw o-photon and excited-state absorption behaviour o f  polyynes have not been 

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

sp3-hybridized sp2-hybridized sp2-hybridized

Diamond: 
(insulating)

Graphite: 
(semi-metallic)

C60 Fullerene: 
(semiconducting)

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 o f sp-hybridized carbons, with 
unknown electronic properties.
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4.2 Introduction

Linearly-conjugated fram eworks are at the forefront o f research on the nonlinear 

optical properties o f  organic m aterials.[6-8] The high densities o f  delocalized-electron 

afforded by the alternation o f single- and m ultiple-bonds in conjugated systems lead to 

the sizable increases o f  optical nonlinearities over o ther non-conjugated fram ew orks.[7] 

A central benefit to  studying organics as nonlinear optical materials for potential 

applications lies in the versatility o f  their structural m otifs. [7,8] Therein lies the main 

question guiding the field o f organic nonlinear optics: w hich conjugation schemes yield 

the highest optical nonlinearities? It was rapidly discovered, however, that unlike 

saturated (non-conjugated) m olecules such as alkanes,[9] conjugated oligomers yield 

rapid increases in nonlinear optical activity as a function o f  m olecular size.[6,8] Thus, the 

central question then becomes: w hich conjugation schem e yields the m ost rapid increases 

in optical nonlinearity with increasing oligom er length (or the num ber o f repeat units)?

For a given series o f  conjugated oligom ers, the m agnitude o f the third-order 

nonlinear hyperpolarizability, y, is know n to increase super-linearly as a function o f 

length.[6] For oligom ers shorter than the effective conjugation length, theoretical models 

invariably predict a power-law dependence o f  y ~  n ~  L° , w here L  is the length o f  the 

molecule, n is the num ber o f  repeat units, and c (or c ')  is the pow er-law  exponent.[10-12] 

Both theoretically and experim entally, the exponent c rem ains the m ost com m only used 

figure o f  m erit for the com parison o f  third-order optical nonlinearities am ong different 

oligom er series.[6] W hereas a constant exponent c is expected for small- to m edium - 

length oligomers, as the chain length approaches the effective conjugation length, the 

onset o f  saturation will m anifest itself as a decreasing c value.[11] Once saturation is 

reached, increasing the length o f  the oligom er does not increase the extent o f  conjugation, 

and y  will vary linearly with oligom er length (i.e., c=l) .  Various values o f  c have been 

theoretically predicted for organic oligomers, depending on the theoretical m odel used. In 

studies that consider a generic m odel o f  n-conjugation, predictions range from c = 5 for 

both the “ free electron in a box” and the one-electron Hiickel m odels, to c = 3.2 for more 

com plex approxim ations that account for electron-correlation effects.[6,8] M ost

com putational models yield an exponent around c = 4.[6]
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In the past several decades, the third-order nonlinear optical properties o f  various 

quasi-one-dim ensional conjugation schem es have been experim entally investigated. 

These include, but are not lim ited to, various oligom ers such as carotenoids 

(polyenes), [13] polytriacetylenes, [14] polythiophenes,[15] oligophenylenes,[16] 

enynes,[17] polyenes,[11,18] cum ulenes,[19] jn-phenylenevinylenes (PPV),[20] and 

polyphenyleneethylenes (PPE).[21] C om pared w ith the aforem entioned schemes— all o f  

which contain significant sp2-hybridization in their conjugated backbone— polyynes are 

composed o f  a purely sp-hybridized backbone and are a unique class o f  conjugated 

oligom er (see Fig. 4.2). As such, polyynes are perhaps the sim plest and yet most 

intriguing o f  conjugated organic oligomers. [6,22] As truly one-dim ensional 

molecules, [2] polyynes represent a unique m odel for probing electronic com m unication 

free o f  the configurational limitations often im posed by rotation about single bonds. This 

characteristic distinguishes polyynes from other typical organic oligom ers and polymers, 

for w hich bond rotation can result in an interruption in conjugation along the molecular 

fram ework (see Fig. 4.3).[23,24] This is, for exam ple, w ell docum ented in the case o f 

polydiacetylenes, for which the electronic and optical properties are dependent on 

solution-state conform ation.[25] A strong dependence o f  the nonlinear optical properties 

on bond configuration has also been shown for conjugated polyenes.[26]

Com pared to other sem iconducting organic com pounds such as polyenes, [11] 

polydiacetylenes[17] and polytriacetylenes,[27] polyynes remain the m ost synthetically 

challenging and difficult to study.[28-31] To date, formidable synthesis obstacles have 

m eant that although the isolation o f  both short and extended-polyynes has been reported, 

the study o f  electronic, optical, and, in particular, third-order nonlinear optical properties 

o f  such systems has been extrem ely limited. In lieu o f  sufficient experim ental data, the 

linear and nonlinear optical properties o f  extended polyyne carbon chains have been 

widely explored theoretically, often in com parison to other conjugated oligomeric 

structures.[6] W hile the m olecular structures o f  the systems vary, these reports 

consistently predict that the m olecular 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 o f  y  versus length for polyynes will be inferior to 

that o f  polyenes and polyenynes. Experim entally, however, these predictions have been 

neither challenged nor confirm ed.[35]
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.R /-Pr3Si [~= ]n Si/-Pr3

Poly(p-phenylene vinylene) Polyacetylene
PPV PA

Polyyne
PY

Polyphenylene
PP

H/le3Si-
-SiMe3

Polytriacetylene
PTA

Poly(p-phenylene ethynylene)
PPE

Polythiophene
PT

Figure 4.2. Variously conjugated oligomers, for comparison with polyynes (PY). Whereas all of the other 
oligomers have some sp2 character in the conjugated backbone, polyynes are composed of an entirely sp- 
hybridized carbon chain.

max. overlap min. overlap

sp

s p

45c
Figure 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 zr-orbitals, polyynes experience no more than a 45° misalignment through rotation, and 
thus always maintains some degree of conjugation.
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p-P Y
\  /

f-pt,Si— — Sw-Pr 
'  ' n

TtPS-PY

MbO- /  \ \  / OMe

AteO-p-6yne

f-Bu- /  V \  / :-Bu

tBihp-Syne

)-Pr-sSi- -Sif-Pr,

T/PS-i Oyne

OSt!ert-BuMe?

" A .

Me-fBrt-8uS<0'

-SiMe,

PTA PPE

Figure 4.4. Structural representation of the oligomeric compounds discussed in this chapter. The full 
extent o f longest polyyne, TffiS-lOyne, is shown for emphasis.
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4.3 Experimental

C om pounds: In order to test the aforem entioned theoretical predictions, as well as in 

attem pt to glim pse the optical properties o f  carbyne, a series o f  extended tri/.vopropylsilyl 

end-capped polyynes (TIPS-PY) w ith n=2-10 triple bonds [2,3], phenyl end-capped 

polyynes (p-PY) w ith n=2-8 triple bonds, as w ell as n=6 bis-substituted tert-butyl-phenyl- 

hexayne (tBu-p-6yne) and n=6 bis-donor-substituted m ethoxide-phenyl-hexayne (M eO- 

/>-6yne) were synthesized (see Fig. 4.4).[4] The sim ple but bulky TIPS moiety has been 

incorporated for added solubility and stability. It does not dram atically alter the electronic 

m akeup o f  the carbon chain, nor does it extend conjugation beyond the polyyne 

backbone, [3 6] allow ing for an analysis o f  an essentially  pure sp-hybridized carbon 

system. [2]

For U V -vis spectroscopy, polyynes were m easured in a Varian Cary 400 

spectrometer as dilute solutions in hexanes. [2] For N LO  m easurem ents, all samples were 

investigated as dilute solutions in tetrahydrofuran (TH F), and w ere sufficiently soluble 

for NLO m easurem ents, with the exception o f  sam ple M eO -p-6yne, which could not be 

sufficiently solubilized to yield precise y-measurements. Solubility in this sample was, 

however, sufficient for nonlinear absorption m easurem ents. N LO  characterization at a 

wavelength o f  800 nm  was conducted w ith the ultrafast D O K E detection technique as 

described in C hapter 2, and elsew here.[37] All y-values are referenced to that o f  THF

(XTHf = 5 . 2 x 1 0 '37 esu),[38] and all c/^-values are relative to that o f  M PPB T ( cj(2)m p p b t = 3 8 0  

GM ; >.=800 nm ).[39] A  summary o f  optical and nonlinear optical values for TIPS-PY 

and p-PY  are listed in Table 4.1. Raw TIPS-PY  DOK E scans in both polarization 

conditions are presented and discussed in A ppendix C.
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4.4 Results and Discussion

Linear Optical Properties: A  fair am ount o f  insight into the electronic landscape o f 

polyynes m ay be achieved by UV -vis spectroscopic characterization. The UV-vis spectra 

o f  TIPS-PYs and p -PY s are presented in Figure 4.5. In contrast to m ost other conjugated 

organic m olecules, the high-energy region o f  the UV spectra (220- 270 nm) o f  the longest 

polyynes is nearly  transparent. This rare characteristic could allow  for interesting optical 

applications for such com pounds w ithin this w indow  o f  transparency. For the TIPS-PYs, 

the vibronic structure is clearly visible, appearing as a series o f  narrow absorption peaks 

with steadily increasing intensity tow ard the visible region. Thus, the highest wavelength 

o f absorption peak, Lmax, for each TIPS -P Y  oligom er reflects a pure transition from the 

lowest energy vibrational level in the ground state to the low est energy vibrational level 

in the excited state. There is a corresponding increase in the m olar absorptivity (s) as the 

chain length increases, and the TIPS end-capped systems show  som e o f  the highest molar 

absorptivity values m easured for polyynes, w ith octayne TIPS-Syne  at s = 603,000 M' 

'e m '1 and decayne T IP S A Oyne at s = 753,000 M '1cm"1. A com parison o f  s-values at Lmax 

for TIPSAOyne to  that o f  other known decaynes highlights the dramatic dependence o f 

the oscillator strength on the nature o f the end group: a rhenium  end-capped decayne 

shows e= 190,000 M "'cm '1,[40] a dendrim er-term inated decayne e= 605,000 M"'cm"1,[30] 

while a decayne term inated w ith /-Bu groups shows s= 850,000 M '1cm '1.[41] Further 

highlighting the enhanced oscillator strength o f  TIPS end-capped polyynes is a 

com parison betw een the octam ers TIPS-Syne and p-Syne; w here the phenyl end-capped 

oligom er displays a peak m olar absorptivity that is less than one-half that o f  its TIPS- 

term inated counterpart (See Table 4.1).

A red-shift in 7.max is clearly visible as the conjugation length o f  these carbon rods 

is increased, indicating a decrease in the FK)M O->LUM O energy gap. It is expected that 

at a particular chain length, saturation o f  this effect will occur. Such saturation would 

represent the effective conjugation length o f  the oligomers, w here the energy gap reaches
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a minim um  and constant value representative o f  the theoretical carbon allotrope, 

carbyne.[42] This property is linked to the bond-order alternation (BOA), or electronic 

hom ogeneity o f  the conjugated backbone (See Chap 1).[43,44] Theoretical studies have 

predicted various degrees o f  bond-order alternation in carbyne chains, from sizable 

values,[45] through extrem ely sm all,[43] or even ze ro .[46] A small BOA  in polyynes 

would imply that all m iddle-chain carbons are nearly degenerate, and would represent 

either conduction or a m iniscule band-gap in polyynes. Chaquin and coworkers have 

predicted on the basis o f  sem i-em pirical calculations (ZINDO ) that saturation (A lmax/An 

= 0) for a polyyne chain w ill occur at 400 nm .[42] This value is low er than 565 nm [40] 

and 569 nm [30] predicted based on previous experim ental analysis.

I f  electron correlation effects are taken into consideration, the em pirical power- 

law l/Emm=Emax~rTx best describes the relationship betw een Emax, 2max and «. [6,47] This 

relationship is well represented in Fig. 4.6b, and portrays the power-law  decrease in Emax 

as a function o f  chain length through at least C20 in TIPS-PYs. Overall, the TIPS- 

protected polyyne oligom ers yield a fit o f  Emax~ rf0379±0X>02 to high precision. This result 

contrasts that o f  Gladysz et al. who observed a relationship o f  Emax~ n x.[40] It is, 

however, close to the w ell-established relationship o f  Emax~n~05 observed for m any 

polyenic m aterials.[20,48] Since the high-precision fit for the TIP S-P Y  series includes 

the longer oligomers, no indication o f  saturation o f  the H O M O -4 LUM O energy is yet 

observed, as w ould be indicated by the levelling o f  E max values as n increases. Thus, a 

prediction regarding saturation in Tmax cannot be m ade on the basis o f  these UV-vis 

results.

W hereas ZZPX-polyynes have straightforw ard absorption spectra, with a clear 

absorption peak corresponding to the gap energy (at 2max), the phenylated polyynes show 

com plex absorption spectra with some barely-resolvable absorption resonances extending 

past Zmax 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 Tmax value to these samples, for further 

analysis. Instead, for analysis o f  the bathocrom ic shifts in the absorption energy that
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indicate increases in conjugation length, w e used the leading (sm all) absorption 

resonance in the low-energy visible region, as previously described (see Fig 4.5c).[4] 

Overall, the absorption red-shift in p -PY s follow s a very sim ilar pow er-law  trend to that 

in TIPS-VY, y ielding Eg~n x36±0'01 (see Fig. 4.6).

A  com parison o f  polyynes to sim ilar oligomers is instructive: polytriacetylenes 

(PTAs) and polyphenyleneethynylenes (PPEs), shown in Fig. 4.4, are close analogues to 

polyynes. The polytriacetylenes investigated by M artin et al. have a conjugated backbone 

with two sp-hybridized carbons for every sp2-hybridized carbon.[27] E g for this series 

diminishes w ith oligom ers length, but although conjugation is clearly being extended, the 

trend shown in Fig. 4.6a does not approach a pow er law. The PPE series investigated by 

M eier et al. has a highly linear conjugated backbone o f  alternating phenyl rings and sp- 

hybridized carbons.[21] A gain, conjugation is seen to extend, but the gap energy 

diminishes m uch m ore slow ly than for the polyynes, with a pow er-law  fit o f  £ g~w'°'14:t0'01. 

It is probable that deviations from a pow er-law  for these sam ples m ay be explained by 

saturation o f  the conjugation length. W hereas we see no indication o f  saturation in our 

polyyne series— neither in the U V-vis nor in the to-be-discussed nonlinear optical data—  

M artin et al. indicate that saturation has begun by n= 6 for the PTA  series, [27] and M eier 

et al. suspect that the PPEs behave differently as short »=1,2 chains than they do in 

extended (n> 3 chains).[21]
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Figure 4.5. UV-vis absorption spectra of the studied polyynes. (a) TIPS-PYs. (b) p-PYs. (c) Selected 
polyynes re-displayed for an overly comparison between the two series. TIPS-8ynt and TIPSA Oyne show 
spectra wherein the vibronic structure of the pure polyyne backbone is dominant. In />-6yne and p-Synt, 
the absorption spectrum is more complex. Black arrows signify >,max in region I (upwards) and region II 
(downwards), used for further analysis. Inset expands region II absorption in /;-8yne.
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Table 4.1. A summary of optical characteristics for the studied polyynes. /.max is the highest wavelength of 
absorption maximum corresponding to the energy gap o f the compound. p-PYs display an additional high- 
wavelength region o f miniscule absorption. 7max 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.

Sam ple # triple 
bonds, n

-̂max
(nm )

Y
x 1 ft"36 esu

a (2)
(GM)

£ (@  Amw), [ e ( @  400nm )]  
(L m ol'1 cm '1)

TIPS-2yne 2 <210 2.75±0.28 N.C <1,000, [<1,000]
TIPS- 3yne oD 234 7.02±0.70 N.C 93,000, [<1,000]
77RS’-4yne 4 260 12.5±2.1 0.34±0.09 157,000, [<1,000]
TIPS-Syne 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-Hync 8 339 238±47 7.6±0.8 603,000, [<1,000]
TIPS- lOyne 10 369 646±27 34±3 753,000, [2,000]

p -2yne 2 328 12±2 N.C 30,000, [<1,000]
/>-4vne 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 U.R 14±2 164,000, [29,000]
/>-8yne 8 344 (512) 588±36 68±7 272,000, [37,000]

°  3
o
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{a}

E~ri
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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 o f 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: M olecular second-hyperpolarizabilities for all o f  the studied

polyynes are presented in Table 4.1. W ith the exception o f  M eO -p-6yne, w hich did not 

display a large enough K err signal be to resolved beyond the TH F background at the 

m aximum concentration, all o ther sam ples produced strong K err signals. As mentioned 

above, y  is expected to  increase as a power-law w ith increasing chain length for 

conjugated oligom ers. Indeed, as seen in Fig. 4.7, TIP S-V Y  and />-PY display this trend, 

with exponents o f  c = 4.3 and 3.8, respectively. Our D O K E signals, obtained with 

femtosecond pulses, typically  yield m uch lower y-values than  those obtained with 

nanosecond or picosecond pulses.[49,50] However, w hen com paring nonlinearities in our 

polyynes to  polyenic m aterials studied by the sam e technique, w e find that the polyynes 

already show sizable nonlinearities by the stage o f  the decam er. For example, /Lcarotene, 

a polyene w ith 22 consecutive sp2 carbons, shows y= (7 .9±0.8)x l0 '34 esu, as m easured in 

THF with our D O K E setup, com pared to T/PS-lOyne that has 20 consecutive sp carbons 

and shows y=(6.5±0.3)xl0"34esu.[3]

Although experim entally-obtained ^-values depend drastically on the detection 

technique used, the excitation pulse duration and the w avelength o f  light used, the 

comparison o f  pow er-law s is fairly reliable between sam ple series reported by different 

groups.[6,44] The exponent o f  c = 3.8 obtained for phenylated-polyynes is among the 

largest non-resonant exponents reported for any oligom er series, w hile that o f  the TIPS- 

polyyne is, indeed, the largest. By comparison, M artin et a l.'s PTA  series and M eier et 

al.'s PPE series display m uch sm aller power-law exponents o f  2.5 and 2.3 respectively 

(see Fig 4.7). V arious other substituted and unsubstituted polyenes have displayed 

exponents ranging from  c=2.3 to 3.6.[8,11,51] Thus, our results contrast all previous 

theoretical expectations o f  lower power-laws for polyynic m aterials over polyenes. 

Overall, the phenylated polyynes can be said to behave analogously to  that o f  the TIPS- 

polyynes, w ith both the U V-vis absorption and the Kerr nonlinearities paralleling one 

another. A lthough the /j-P Y s display a slightly slower rise in m olecular nonlinearity, the 

hyperpolarizability o f  these end-capped polyynes are considerably larger than those o f 

the unsubstituted polyynes. In addition, the bis-donor-substituted phenylated polyyne 

(tBu-p-6yne) shows a larger nonlinearity than the unsubstituted />-6yne. Furtherm ore, as 

seen in Fig. 4.7, even by the decayne length o f  the TIPS-PY s, there is no onset o f
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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 m oiety, the inhomogeneity it 

introduces to  the n-system  in the p-V Y  series m ay be m itigating 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-dim ensional oligoene, polyynes 

display characteristics predicted for 1-D m aterials. R ecent random  phase approximation 

(RPA) calculations conducted on a variety o f  m aterials w ith various conjugation schemes 

predict universal pow er-law  trends in the gap energy and longitudinal hyperpolarizability 

Y»xv-[47] O ne-dim ensional oligomers w ould be expected to be dominated by this 

longitudinal tensor com ponent. W ith the direct scaling o f  polyyne length to the num ber o f 

repeat units, our pow er-law  o f y~«4 3±01 for the TIP S-V Y  series is in almost perfect 

agreem ent w ith the R PA  prediction o f  a universal 1-D yxxx~LA2±0A .\y\l~\ Furthermore, our 

power-law trend in absorption energy exactly m atches the predicted £g~«'0 38±002.[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 o f  possible one-dim ensional behavior in conjugated system s has yielded a 

theoretical expression derived from sum-rules. K uzyk has recently proposed the 

following expression as the upper lim it for y in linear conjugated organics:[52]

r xxxx< 4e3h<m-2N 2E-g5 4.1

W here e is the electron charge, m is the electron mass, and N  is the num ber o f electrons. 

Assum ing that all o f  the delocalized electrons com e from m ultiple bonds, N  should scale 

directly w ith the num ber o f  repeat units, n,  in our oligom ers. W ith our trend relating the 

absorption energy and the number o f  repeat units, w e find that Eqn. 4.1 predicts yxxxx~ n 9  

for our T IP S-V Y  series and y XXXx ~ n ' % for our />-PY series. This is in excellent agreem ent 

with our direct pow er-law  findings o f  Ynps-?Y~n43 and ^ .Py~«3 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 o f the /Y/fS'-polyynes, which show the largest power-law exponent 
of any conjugated oligomers system. The solid lines are fits to the form y=a+bnc, where a is an offset due 
to the end-group effect, b is a constant, and c 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=8.8xl0"36 esu and a=2.2xl0"36 esu were used, 
respectively.

Two-Photon Absorption: The tw o-photon absorption (TPA) cross section o f  polyynes 

at 800 nm was also investigated. This w ork is the first report o f  tw o-photon and excited- 

state absorption dynam ics in any polyyne oligomers. A s w ith the K err nonlinearity, TPA 

in polyynes increases rapidly with conjugation length. A s outlined in Chapter 1, there are 

m any factors that determ ine the tw o-photon absorption characteristics o f  organic samples 

including symmetry, dim ensionality, dipole/m ultipole strength, and conjugation 

length.[54-56] O f these, conjugation length has been identified as m ost influential in 

increasing the TPA cross-section.[54,55] Furtherm ore, adding donor and acceptor end- 

groups has also been identified as beneficial to increasing TPA. W ith their long and pure 

conjugation frameworks, substituted polyynes m ake prom ising candidate for materials
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with large tw o-photon absorption. On the other hand, polyynes are fairly transparent 

between 400 nm  and 600 nm, and thus m ay have TPA  resonance m axim a only at the 

edge o f the visible range. Polyyne tw o-photon absorption cross-sections are presented in 

Table 4.1 and are plotted as a function o f  chain length in Fig. 4.8. The m ost interesting 

finding is that the 77/\S'-capped octayne and decayne display nontrivial cross-sections o f  

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 w hich the low est tw o-photon-allow ed state— which, due to 

selection rules for sym m etric m olecules, 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 w avelengths, as extended conjugation red-shifts the entire one-photon spectrum, 

and the low est tw o-photon state red-shifts even further. [5 7]

Some general trends can be discerned from the obtained tw o-photon absorption 

cross-sections. Clearly, TPA  increases rapidly w ith conjugation length. This is m ost 

evident in the />-PY series, in w hich the octam er has a 30 fold increase in ( /2j over the 

hexamer. In general, the phenylated polyynes also show increased two-photon 

absorption over the TIPS-polyynes, w ith the />-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 seem ing contradiction o f  the 

discussion in the previous section. On the other hand, because the phenylated polyynes 

absorb at considerably longer w avelengths compared to the TIPS end-capped polyynes, 

this increase in TPA  m ay sim ply indicate enhancem ents 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 <P> over the unsubstituted /7-6yne, while having a nearly identical UV-vis 

absorption edge. B is-donor substitution further raises the cross-section by a factor o f  two
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over the tBu-p-6yne species. This finding is consistent w ith  the well-established trend 

that donor-substitution typically affords large increases in T PA  (see §1.2 and §5.4).

The prospect o f  high tw o-photon absorption in carefully-engineered polyynes is 

quite prom ising. B y the stage o f  the octayne, p -P Y s already shows a sizable cross- 

sections o f  <P> = 68±7 GM. W ith unabated increases in conjugation, longer polyynes 

substituted w ith stronger donors and/or acceptors m ay yield extrem ely large two-photon 

cross sections. O f  course, there is no reason to believe that the peak o f  the TPA spectrum 

resides at 800 nm, and studies at other w avelengths should yield drastic increases in 

polyyne TPA. In particular, as the one-photon absorption spectra o f  polyynes are 

dom inated by a single low-energy absorption w ith  a very sharp edge, it may be possible 

to affect a double-resonance condition that will lead to huge cross-sections.[39,60,61]

100

^  10 

O

s
ID

1

0.1

Figure 4.8. A scatter plot of two-photon absorption cross-sections obtained from polyynes at 800 nm. 
Absolute cA-values are relative to a<2\ m>DT=380 GM (1 Goppert-Mayer (GM) = 10'50 cmVphoton' 
'molecule'1).
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Nonlinear Absorption Dynamics: A  m ajor advantage to  using a pum p-probe

experim ent to probe sam ple nonlinearities is the tem poral inform ation it y ields.[62] For 

exam ple, other techniques such as z-scan and nonlinear transm ission experim ents (see 

C hapter 3) cannot directly d iscern  betw een instantaneous TPA  and other nonlinear 

absorption processes such as tw o-photon m ediated  excited state absorption. [50,63] This 

am biguity  often leads to inflated TPA  cross-sections reported w ith  nanosecond pulse 

experim ents. [64] Som e representative polyyne nonlinear absorption signals are presented  

in Fig. 4.9. All investigated sam ples show  a sharp peak centered about the arrival tim e o f  

the probe pulse. This ultrafast signal follow s the cross-correlation o f  the pum p and probe 

pulses and represents the instantaneous TPA. Som e sam ples also exhibit longer-lasting 

excited  state absorption (ESA). This process represents the absorption o f  a delayed probe 

photon from  a state populated by pum p beam  tw o-photon absorption.[63] A sim ple three- 

level m odel suffices for explaining the ESA  decays presented in Fig. 4.9b. The tw o- 

photon state rem ains populated for a very long tim e in the p-8yne sam ple, displaying an 

exponential decay rate o f  hundreds o f  picoseconds. By contrast, the bis-donor-substituted 

M eO -p-6yne  shows a decay rate o f  only 30 ps, w hile the unsubstitu ted  p-6yne does not 

exhibit resolvable ESA  (not shown).

-T  0.7

nj 0.6  MeO-p-6yne
 p-8yne
 f/PS-8yne
 77PS-10yneo  0.5

T=220 ps
► j.,..CLv_ 0.4 

O
CO -jo  0 .3  
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0
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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 K err effect scheme to measure the 

optical and third-order nonlinear optical properties o f  tw o series o f  extended polyynes 

(PYs). A series o f  triA opropylsilyl end-capped polyynes w ith up to 10 triple bonds and a 

series o f phenyl end-capped polyynes w ith  up to 8 triple bonds, in addition to  two bis- 

donor substituted phenyl-hexaynes have been investigated. Polyynes are com posed o f  a 

pure sp-hybridized carbon backbone and have a very high density o f  delocalized n- 

electrons. In addition, polyynes are strictly linear and free o f  the conform ational defects 

that plague som e other conjugated fram ew orks, such as polyacetylenes. Both the 

wavelength o f  absorption (corresponding to  the gap energy) and the m olecular second- 

hyperpolarizability increase as a pow er-law  w ith increasing chain length. For the TIPS- 

PY  series, the absorption energy increases as E g~ n '°379±0 002, and the nonlinearities 

increase as y-~n43±0A. The phenyl-polyynes show very sim ilar trends o f  Eg~n°'36±00] and 

y~n3'9±0A. These trends m ake clear that saturation in the conjugation length has not yet 

begun at the lengths studied. The pow er-law  exponent for y  in TYES'-polyynes is the 

largest reported for any conjugated oligom er series, a fact that is in direct disagreem ent 

with all reported theoretical calculations that predict superior exponents for polyenes and 

polyenynes than for polyynes. In addition, when com pared w ith theoretical m odeling o f 

pure one-dim ensional systems, both optical and nonlinear optical results confirm that 

polyynes behave one-dim ensionally. Tim e-resolved nonlinear absorption measurem ents 

show that, for both series, the tw o-photon absorption cross-section increases dramatically 

with conjugation length. Furtherm ore, extending the conjugation w ith phenyl groups 

increases TPA  in p -PY s over 77PS-PYs. Bis-donor and bis-acceptor substitution further 

increases TPA in polyynes. Overall the /»-8yne sample yielded the largest TPA cross- 

section o f  68±07 GM. There is evidence that, as with extended polyenes, the lowest-lying 

excited state in long polyynes is a one-electron-forbidden tw o-photon-allow ed state.
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CHAPTER 5:
T h ir d -O r d e r  N L O  D y n a m ic s  a n d  T w o -Ph o t o n  
A b s o r p t io n  in  T w o -D im e n s io n a l l y -
CONJUGATED BENZENE-CORE ISOMERS

5.1 Context

Tetrakis(phenylethynyl)benzenes (TPEBs) are tw o-dim ensionally-conjugated 

chrom ophores that present disparate nonlinear optical response as a function o f 

donor/acceptor substitution sym m etry about a central benzene core. TPEBs display large 

tw o-photon absorption (TPA) cross-sections across the vis/N IR  range, as well as 

interesting excited-state absorption and K err dynam ics. W e have studied the nonlinear 

optical properties o f  this series o f  constitutional isom ers in an effort to link the Kerr 

nonlinear dynam ics as obtained by the birefringent DO K E polarization condition (See 

Chapter 2) with the excited-state dynam ics obtained by the dichroic DOKE polarization 

condition. Furtherm ore, we have m apped out the tw o-photon absorption spectrum in 

TPEBs w ith a tuneable-w avelength z-scan setup. The TPEB study com prises a large 

collaboration betw een our group at the U niversity o f  A lberta (DOKE, optical 

characterization), Dr. M ichael H aley’s group at the University o f  Oregon 

(synthesis/characterization),[1,2] and Drs. Kenji Kam ada and K oji O hta at A IST in Japan 

(z-scan, theory). I personally obtained the TPEB z-scan m easurem ents reported herein 

during a b rie f research stint at AIST in early 2006. The follow ing chapter presents a full 

description o f  results obtained from various ultrafast nonlinear-optical characterization 

experim ents conducted on the TPEB isomers. The nonlinear absorption dynamics and 

two-photon absorption cross-sections m easured at 800 nm w ith the DOKE setup have 

been previously reported in an SPIE proceedings paper.[3] Linear spectroscopic 

characterization, m olecular orbital plots, and structural considerations have previously 

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

Conjugated m olecules that utilize an arylated core are w idely studied as advanced 

functional m aterials for nonlinear optical applications. The m ajority o f  these com pounds 

(and oligomers), such as stilbene-,[4-7] fluorene-,[6 ,8-l 1] (p-phenylene)vinylene- 

,[8,12,13] diacetylene-,[14,15] and (p-phenylene)ethynylene-based chromophores,[16,17] 

utilize a quasi-one-dim ensional axis o f  conjugation. Recent studies have m otivated the 

investigation o f  tw o-dim ensionally-conjugated m otifs as prom ising m aterials for 

nonlinear optics.[18-21] By extending conjugation in m any directions, the delocalized 

electron density and oscillator strength m ay be increased, w ithout a corresponding 

reduction in absorption energy.[22] Furtherm ore, both quadrupolar and octupolar 

geometries are garnering support as design m otifs for highly-efficient two-photon 

absorbing chrom ophores. Thus, there has been a recent flurry o f  papers reporting on the 

nonlinear optical response o f  various tw o-dim ensional com pounds that contain 

conjugated arms substituted about a central benzene core.[3,18,20,23-25] Depending on 

the substitution symmetry, such m olecules range from dipolar, through quadrupolar, to 

octupolar. [26]

Cross-shaped chrom ophores are two-dim ensionally conjugated structures that 

have received considerable attention for their usefulness tow ards studying the effects o f  

donor/acceptor substitution sym m etry on (nonlinear)optical properties.[3,22,27-29] 

Seminal collaborative work, led by Professor Francois D iederich o f  ETH Zurich, has 

studied the contributions o f  ‘linear-’, ‘ben t-’, and ‘cross-conjugated’ donor-acceptor 

(D ^ A )  intram olecular charge transfer routes across an ethene bridge to the overall 

m olecular second hyperpolarizability, y. These studies on tetraethynylethene-based (TEE) 

chromophores (see Fig. 5.1), have been recently, extended to m easurem ents o f  two- 

photon absorption.[28]

We endeavor to study the tw o-photon absorption spectra and nonlinear optical 

dynam ics in chromophores analogous to TEEs, but which contain a central benzene core, 

as opposed to an ethene bridge. O ur tetrakis(phenylethynyl)benzenes (TPEBs) are cross-
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shaped m olecules w ith  highly conjugated arms extending from  a central benzene core, 

affording them  a (quasi)planar geom etry (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, D iederich et al. established y 

structure-property relationships with non-resonant third-harm onic generation (THG) and 

degenerate four-wave m ixing (DFW M ) at one or two w avelengths; w ith the assumption 

that the nonlinearities are m inim ally dispersive aw ay from resonance.[22,27,29] 

Furthermore, recent reports on the tw o-photon absorption activity o f  similar structures 

were conducted at a single w avelength, and thus did not describe the TPA spectrum o f 

these system s.[28] The optical and nonlinear optical properties o f  TPEBs (and one

dimensional analogues) are garnering considerable interest.[2,23,26,30-32] Currently, the 

mechanism for charge-transfer betw een meta-Ymed arm s are attracting attention, as m eta

linkages are expected to  lead to electronic de-coupling in the ground-state.[31-35] The 

com paratively large and long-lasting excited-state optical activity o f  some meta-1 inked 

chromophores— otherw ise know n as the ‘m eta-effect’— is draw ing interest for various 

light-emitting diode applications. [30] D espite this interest, a system atic study o f  the two- 

photon absorption spectrum  and nonlinear-optical dynam ics in such system s has, to our 

knowledge, never been achieved.

The conjugation m o tif o f  TPEBs is particularly advantageous for studying TPA  in 

highly-conjugated system s. By varying the peripheral donor/acceptor substitution 

symmetry, constitutional isomers o f  various (m ulti)polar geom etries may be created, 

m otivating studies o f  structure-property relationships betw een donor/acceptor 

geom etry/substitution and tw o-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-m agnitude increases in the m olecular tw o-photon cross-section, 

c/ 2 ) . [ 3 6 ]  Subsequently, other studies have looked to establish structure-property 

relationships for donor-acceptor substitution symmetry, with m ost studies finding a D-tt- 

D scheme favorable to D-tc-A.[6,37-39] Other studies, however, suggest an A-71-D 

scheme as favorable to D-7t-D.[40]
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Nfe

CEE TPEB

D D.

0  = NBu, 
A = NO,

TD-TPEB
D PC'*'

para-TPEB

,.D D.

mefa-TPEB ortho-TPEB

Figure 5.1. Conjugation routes and general structure o f 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 o f 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 (m eta-linked).
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It has been shown that TPA  in non-sym m etric (dipolar) m olecules differs 

considerably from that in sym m etric (quadrupolar, for exam ple) systems that lack 

perm anent dipole m om ents. [3 8] Furtherm ore, w hereas in dipolar systems two-photon 

transitions follow  the same selection rules as one-photon absorption (OPA), in 

quadrupolar systems, direct one-photon and tw o-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.

W hereas recent studies have increasingly explored higher-dim ensionality and 

dendritic system s, [18,20,21,42] m ost studies have focused on quasi-one-dim ensional 

m olecular architectures. Thus, studies that have attem pted to draw  conclusions about the 

effect o f  donor-acceptor substitution on the TPA  activity in linear conjugated molecules 

have had to com pare system s o f  disparate ground-state polarization. For example, several 

studies have reported that the substitution o f  7i-donors contributes m ore to cf2) than n- 

acceptor substitution. As p roo f o f  this structure-property relationship, the higher peak 

c/2,-values in D-rt-D over D-7t-A schemes are typically quoted.[6] However, while the 

former arrangem ent is quadrupolar, the latter is dipolar, and thus their TPA activity may 

have m ore to do with sym m etry and ground-state polarization than with the direct 

influence o f  D /A  substitution. As illustrated in Fig. 5.1, TPEB geom etry allows for 

studies o f  both the effects o f  benzene-core substitution sym m etry and (m ulti)polar 

geometry on TPA activity. Specifically, in going from the all-donor TD-TPEB to the 

para-TPEB, one can study the effect o f  introducing acceptors to an all-donor system, 

while m aintaining quadrupolar geometry. A dditionally, com parisons between meta- 

TPEB and ortho-TPEB can study the effects o f  linear-, bent-, and cross-conjugation 

through a benzene core on TPA w hile m aintaining dipolar geometry. In the following, we 

present a study o f  the two-photon absorption spectra o f  TPEBs, as obtained by ultrafast z- 

scan, in addition to femtosecond Kerr and excited-state dynam ics m easured with the 

DOKE technique at a wavelength o f  800 nm.
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5.3 Experimental

Z-scan m easurem ents o f  TPEB s w ere conducted in dilute (11 m M ) THF solutions. Open- 

aperture z-scan experim ents (see §1.3) w ere conducted at A IST  in Japan on a well- 

established setup, as detailed elsew here.[43] For these m easurem ents, am plified 800 nm 

Ti:Sapphire laser pulses at a 1 kH z repetition rate were sent to an optical parametric 

amplifier (OPA) for w avelength tunability. The OPA was used for the ranges o f  580-750 

nm and 855-1130 nm. For the 770-830 nm range, the m ode-locked oscillator w as tuned to 

the appropriate w avelength, am plified, and sent directly to the sam ple; circum venting the 

OPA. For each w avelength, the pulse duration w as m onitored and the 

intensity/photodiode-voltage relationship was calibrated, thus allowing us to obtain 

absolute TPA  cross-sections, cP \  Nonetheless, z-scan TPEB m easurem ents were 

iteratively com pared to M PPB T [44] and/or 1,4-bis(p-dibutylam inostyryl)-2,5- 

dim ethoxybenzene, as a reference sample (compound 8 in Ref. 59). For each sam ple and 

measurement, global fits to z-scan profiles were obtained at various intensities to 

guarantee signal linearity and thus purity o f  the two-photon absorption process. The final 

TPA spectra o f  all sam ples w ere com pared and, w hen necessary, globally calibrated to 

that o f  known M PPB T and 1,4-bis(p-dibutylam inostyryl)-2,5-dim ethoxybenzene spectra. 

The UV-vis spectrum  o f  every sample was obtained before and after the z-scan 

measurements to  check for sam ple degradation. Slight degradation ( « 1 % ,  as observed 

by UV-vis) was observed for the ortho-T P E B  and T D -T E P  sam ples over a period o f  two 

weeks, but they displayed no perceptible change in TPA activity.

We also m easured the (8 0 0  nm) ultrafast tim e-resolved nonlinearities in TPEBs 

with the DOK E technique. D O K E m easurem ents were conducted in dilute solutions (5 

mM  -  33 mM ) o f  TPEB in THF. The standard DOKE protocol, as outlined in Chapter 2, 

was followed, ^v a lu es  are referenced to a pure THF sam ple (ZiHF=5.2xlO'37esu), and 

e/2)-values are relative to that o f  M PPBT ( c/ 2)Mppbt= 3 8 0  GM; Z = 800  nm). Typical pump
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powers o f  0.5-1.5 m W  were used for the birefringent D O K E conditions, while pump 

powers as high as 2.0 m W  were used for the dichroic D O K E condition. Samples showed 

good signal linearity at these pow ers and concentrations. D eviations from DOKE signal 

linearity were observed at a concentration o f  60 mM , possib ly  indicating photo

degradation or aggregation effects. DOK E m easurem ents w ere repeated numerous times 

over a period o f  four years, and displayed extrem ely consistent results for sample 

concentrations below  20 m M  and pum p pow ers at or below  2.0 m W .

In order to further investigate the relationship betw een TPA  and OPA in the D/A 

TPEB isomers, we conducted 400 nm  pum p-800 nm probe transient absorption (TA) 

m easurem ents. For transient absorption m easurem ents, the intense (up to 9 mW ) 800 nm 

pum p beam w as used to  generate up to 500 pW  o f  second-harm onic 400 nm light in a 2 

mm thick a-B B O  crystal. The a-B B O  crystal w as not optim ized for second-harmonic 

generation at 800 nm, and had to be rotated three-dim ensionally to find the maximum 

generation condition. For TA experim ents, 230 pW  o f  the 400 nm  light was used as an 

absorbing pum p beam . Transient absorption was m easured w ith the standard DOKE 800 

nm probe beam  detected at the pum p chopping frequency, by m onitoring m odulation o f 

the total A-B  signal.
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5.4 Results and Discussion

Two-Photon Absorption Spectra: The z-scan-obtained TPA spectra o f  the four TPEBs 

are shown in Fig 5.2, overlaid w ith their one-photon UV-vis spectrum, and actual 

absorption at the experim ental conditions. In all four samples a TPA  peak is resolved in 

the 600-1100 nm  range. The tetra-donor sam ple, TD-TPEB, displays the largest peak 

cross section, c/2)=520±30 GM , w hile para-T YE B  has the lowest, at e/2)=240±20 GM. 

The dipolar sam ples, meta-TPEB and ortho-TYE B  show very sim ilar TPA spectra, 

w hile the quadrupolar samples, TD-TPEB and para-TPEB show unique spectra, meta- 

TPEB and ortho-TEY  have nearly identical cross-section peak values o f c/2)=400±20 

GM, and 440±20 GM , respectively. As discussed in C hapter 1, in the simplest 

approxim ation, the TPA  peak in dipolar m olecules which have a one-photon absorption 

(OPA) spectrum that is dom inated by a single low-energy absorption are often described 

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

the dipole in the ground state, and the transition dipole betw een the tw o states, 

respectively; and Tge is the transition linewidth (see §1.2). Because o f  structural 

asymmetry, TPA  in dipolar m olecules m ay occur to the lowest-lying one-photon level, 

and thus the tw o-photon spectrum  often follow s that o f  the one-photon spectrum (or UV- 

vis spectrum ).[38,45] Indeed, we see that the TPA  spectrum o f  both meta-TPEB and 

ortho-TPEB follow closely the rise and low est peak o f  the O PA  spectrum at the same 

photon sum energy. In the case o f  the dipolar TPEBs, a claim that the UV-vis spectrum is 

dom inated 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 o f  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 o f  the absorption edge, as can be seen in Fig. 5.2. 

Specifically, for the w avelength o f  580 nm, there is very little residual one-photon

___________
2“w  5 n2c 2s 0h Yge

1.7

w here L4 is the local-field factor; p e, Mg, and Mge are the dipole in the tw o-photon state,
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absorption, but c/2) increases dram atically. This effect has been reported by others for

symmetric system s, 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 tw o-photon Term  III in Eqn. 1.5. A s m entioned in 

Chap. 1, and reiterated below , Term  III is dom inant in sym m etric system  in which two- 

photon transitions are exclusive o f  one-photon transitions. B ecause dipolar molecules 

such as m eta-T P E B  and o/T/jo-TPEB are unrestricted by this selection rule, while Term 

II (in Eqn. 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 reg ion .[5] The fact remains 

that double-resonance is a phenom enon that is typically observed/predicted in symmetric 

system s,[11,44,46] and that the observed (^ -en h an cem en t as the absorption edge is 

approached in w ieta-TPE B  and ortho- T P E B  m ay be am ong the first reported examples 

o f double-resonance in dipolar systems. Further resolution o f  this feature is hindered by 

the onset o f  linear sam ple absorption that prevents accurate m easurem ents o f  TPA 

activity.

Unlike the case for dipolar systems, the low -energy TPA  spectra in the 

quadrupolar T D -T P E B  and para-T P E B  are considerably blue-shifted with respect to 

their OPA spectra. In these m olecules, the lowest one-photon transition is two-photon 

allowed, and vice versa. Standard energy level alternacy typically has the ground state as 

gerade (1 Ag) follow ed by an ungerade excited-state (1 B u) and a h igher gerade (2Ag) 

level,[47-49] as discussed in C hapter 1. A simple three-level m odel, that describes a 

gerade-gerade TPA  transition that is mediated by an ungerade interm ediate level, is 

typically utilized to describe the low-energy TPA peak in quadrupolar systems. As 

described in C hapter 1 and in the preceding paragraphs, this three-level model arises 

through the assum ption that Term III in Eqn 1.5 dom inates over term s involving linear 

absorption and (the absent) perm anent dipole moments. Peak d'1) values in the three-level 

model are described by Eqn. 1.8:

The low est-energy TPA peak in /7ara-T PE B  is found betw een the tw o lowest 

one-photon-allowed peaks, indicating that A g-Bu-Ag alternacy is m aintained. This spectral

a 1.8
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peak is assum ed to correspond to the H OM O  LUM O+1 transition, and is thus well 

described by the three-level model. In the case o f  the all-donor TD-TPEB the situation is 

more ambiguous: T he low est-energy TPA peak is found blue shifted with respect to the 

two (or three)[50] low est OPA peaks.

Analysis o f  the TPEB frontier m olecular orbital m aps, shown in Figs. 5.3-5.6, 

may explain the unusually large blue-shift in the TPA  spectrum  o f  TD-TPEB:[2] para- 

TPEB is o f  C2h sym m etry, and thus allows for some tw o-photon transitions within the 

HOM O-1, H OM O , LU M O , and LUM O+1 orbitals. TD-TPEB, on the other hand, is o f 

D4h symmetry, and no TPA paths are allowed w ithin these low est-lying orbitals.[51] 

Thus, a sim ple three-state m odel is insufficient for describing TPA  in TD-TPEB. 

Recently published theoretical studies o f  TPA  in TPEBs have also identified the 

im portance o f  TPA  transitions to high-lying levels, but have not identified any TPA 

resonances in w avelengths greater than 520 nm.[23] O ur results are in clear disagreement 

with this prediction, as both chrom ophores display a continuum  o f  tw o-photon absorption 

com m encing at approxim ately 900 nm, with large cross-section peaks in the near-IR. 

Overall, the all-donor species shows the higher cross-section o f  the two, with a peak 

cross-section that is m ore than tw ice the size o f  that in para-TPEB.

As in the case for dipolar m eta-TBEB  and ortho-TBEB, double resonance is 

observed in quadrupolar TD-TPEB and para-TPEB. This double resonance is 

particularly strong in para-TPEB, for w hich o'2) increases six-fold over a 70 nm spectral 

range, as can be seen in Fig. 5.2. By a w avelength o f  580 nm, para-TPEB already 

displays the largest tw o-photon absorption o f  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 o f  TPA  in m olecular systems according to Eqns. 1.7 and 1.8 requires 

knowledge o f  the transition dipole m oments M ge and M ee'- A s was described in Chapter 1, 

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

M mn = (rn \ /u \ n) = - e  jip ,m(r)ry/n(r)dr = - e  p m̂ n{r)dr . 1.5
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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; (c) quadrupolar TD-TPEB; (d) quadrupolar para-TPEB.

Thus, a transition dipole m om ent m ay be considered a spatial integral o f  a  transition 

density m ap, (r), w here this density m ap is a product o f  the w avefunctions o f  the m 

and n states betw een w hich the transition takes place. Typically, p m ^ ( r )  and  M nm are 

calculated by the interm ediate neglect o f  differential overlap (IN D O ) approxim ation. [15] 

In the absence o f  a rigorous calculation, w e have used TPEB m olecular orbital m aps 

(w avefunctions) to sketch a qualitatively instructive picture o f  the transition density for 

each transition betw een the HOM O-1 and LU M O + 1.[53] In the same w ay that the 

m olecular orbital m aps shown in Figs. 5.3-5.6 provide an indication o f  the m agnitude and 

direction o f  perm anent dipole m om ents, the transition density m aps (also show n in Figs.
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5.3-5.6) provide a glim pse tow ards the m agnitude and direction o f  the transition dipole 

moments that contribute to  TPA  in TPEBs.

Figure 5.3 presents the m olecular orbital plots (for HOM O-1 through to 

LU M O +l)[2] and transition density m aps for T D -T PE B . The sym m etry o f the orbital 

plots in T D -T PE B  indicates that there are no perm anent dipole m om ents at any o f these 

energy levels, consistent w ith the centro-sym m etry o f  this m olecule. Furtherm ore, there is 

not expected to be any transition dipole m om ent for either the H O M O -1->H O M O  or the 

LU M O ->LU M O +l transitions. Thus, none o f  these energy levels m ay be expected to 

contribute to  TPA  in T D -T P E B  according to either Eqns. 1.7 or 1.8. Figure 5.6 presents 

the orbital and transition density plots for para-T P E B . As in the case for T D -T PE B , 

para -T PE B  is centrosym m etric, and does not possess any perm anent dipole moments. 

Unlike T D -T PE B , how ever, /7«ra-T PE B  does possess transition dipole moments for all 

three o f  the low est transitions. W hile the H O M O -^L U M O  transition m om ent is relatively 

small, the LUM O-> LUM O+1 (and H O M O -1 HOM O) transition displays large 

transition density. O verall, however, the two transition dipole m om ents are oriented at 

approxim ately 60° to each other, thus som ewhat dim inishing their interaction, as 

described in C hapter 1.

Figures 5.4 and 5.5 present the respective orbital and transition density m aps for 

meta-T PE B  and ortho-T P E B . Both sam ples display relatively large dipole moments, 

with values o f  11.1 D and 14.9 D (in the ground state), respectively.[54] From the LUM O 

orbital maps, the dipoles are seen to be in the opposite direction to  those in the HOM O, 

thereby indicating a very large dipole m om ent differences, /*H()M0- /f  UM0- The transition 

density maps indicate a sm all 4 / H0M0^ UJM0 for 0H/10-T PE B , and a larger one for meta- 

T PE B . The two-level m odel o f  TPA in dipolar systems, is consistent w ith these plots for 

explaining the sim ilarities in the TPA spectra between these tw o chromophores. Slightly 

larger dipole m om ents are com pensated for by slightly a sm aller transition dipole 

moment in ortho-T P E B , as com pared with meta-T P E B , thereby indicating a similar 

peak o ^ -v a lu e . As indicated in Fig. 5.4, M homq^ lumo and M lumo^ lumo+, are orthogonal 

in m eta-T PE B . The relative alignm ent o f  transition dipoles in /w eta-TPEB m ay help 

explain some o f  the observed Kerr and ESA dynamics in these system s, as obtained by 

DOKE.
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Figure 5.3. [colour] 
Molecular orbital and 
transition density maps o f 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 u/.[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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Figure 5.4. [colour] 
Molecular orbital and 
transition density maps o f the 
lowest lying states/transitions 
in m eta-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.
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Figure 5.5. [colour] 
Molecular orbital and 
transition density maps o f the 
lowest lying states/transitions 
in ortho-IY'ER. Molecular 
orbital maps were calculated 
with Gaussian 98 at the 
B3LYP/6-31G* level o f 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.
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Figure 5.6. [colour] 
Molecular orbital and 
transition density maps o f the 
lowest lying states/transitions 
in /jara-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.
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DOKE-Obtained Nonlinear Absorption Dynamics at 800 nm: The time-resolved 

nonlinear absorption dynam ics o f  the TPEB series are presented in Fig. 5.7. All four 

samples display an instantaneous nonlinear absorption com ponent that closely follows the 

cross-correlation o f  the 800 nm pum p and probe pulses. This com ponent is attributed to 

two-photon absorption in w hich one photon is absorbed from each o f  the pump and probe 

beams. At 800 nm , ortho-TPEB displays the largest TPA o f  the four samples, para- 

TPEB and meta-TPEB show relatively sim ilar responses, w hich are approxim ately 60% 

that o f  ortho-TPEB. TD-TPEB shows the lowest TPA at this w avelength, with a cross- 

section that is -3 5 %  that o f  ortho-EYEB. It should be noted that w ith the exception o f 

para-TPEB, for w hich 800 nm  is very near the TPA  m axim um , for all three other 

TPEBs, 800 nm  lies in a strongly dispersive range o f  the tw o-photon absorption 

spectrum, and thus changes (uncertainties) in laser w avelength can lead to significant 

changes in the m easured c/2,-values. W ith this in m ind, these D O K E-obtained values are 

consistent w ith those obtained by z-scan at 800 nm, as are presented in Fig. 5.2.

In all four samples, TPA gives w ay to long-lasting excited-state absorption 

(ESA) dynam ics, in w hich TPA from the pum p beam  is follow ed by single-photon 

absorption from the probe beam, as described in §2.3. Fig. 5.8 presents NLA dynamics 

in a sem i-log scale fitted to bi-exponential rate-equations o f  the form

S(t)  = a + be~,lT' + ce-"r\  5.1

where S(t) is the am plitude o f  the measured response (tanh^” ). For all traces in Fig. 5.8, 

the fits required no offset {a = 0 ) ,  and included probe delay tim es longer than 1.5 ps— to 

avoid any convolution with the TPA response. In the tw o dipolar species, ortho-TPEB 

and meta-EYEB, there is a rise to an absorbing state that is relatively w ell separated from 

the initial TPA transition. A  sm aller 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-TYE B . For the three D-A isomers, the longer-lasting decays are 

relatively sim ilar am ong the three samples, showing rates o f  2 0 - 4 0  ps. In TD-TPEB, 

after an initial 9  ps decay, long-lasting residual absorption is observed ( r d eCa y ~ 3 0 0  ps) that
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decays with a tim e considerably longer than the m easured range. In general, time- 

resolved dichroism  m easurem ents are sensitive to a host o f  electronic, solvent and solute 

dynamics. [5 5-5 7] In m any cases, the various relaxation mechanism  can often be 

elucidated based on the tim escale w ith w hich they take place, and in their dependence on 

tem perature/viscosity. As Zhang and Berg have shown in a series o f  papers on the 

absorption anisotropy m easurem ents on anthracene in phenol, inertial dynam ics on the 

100 fs scale are followed by sub-picosecond solvation dynam ics, and sub-nanosecond re- 

orientational diffusion.[55-57] In the case o f  D /A  TPEBs, the ESA peaks at 4-9 ps after 

the prim ary TPA excitation are an interesting feature. These peaks represent a 

transition/relaxation from the TPA  state to a low er-energy state from which absorption o f 

800 nm  light can take place. Typically, intraband electronic relaxations would be 

expected to m anifest at times below 100 fs. A slow  ps tim escale relaxation m ay indicate 

an interband transition. The fact that this feature is only observed in the D/A TPEBs, and 

is m ost prom inent in the dipolar species, m ay indicate that this peak represents a 

relaxation to a solvent-stabilized excited-state w ith lower energy, as is schematically 

represented in Fig 5.9. In this case, absorption from the ground-state with ground-state 

solvation geom etry (So) takes place to a TPA state w ith ground-state solvation geometry. 

This excited-state (S i) can relax to a state w ith appropriate solvation geom etry and lower- 

energy (Si*).[58] W hereas in the non-polar para-TPEB this appears to occur quickly—  

within a fitted tim e o f  approx. 1 ps— in the dipolar meta-TPEB and ortho-TVYJl this 

seems to occurs in 2.1 ps and 3.5 ps, respectively. O ther studies that have looked at meta- 

and para-substitu ted  donor-n-acceptor paths in bis(ethynyl)benzenes, have reported 

absorption to a neutral excited state that relaxes to an tw isted intram olecular charge 

transfer (TICT) state. These system s have shown donor-to-acceptor electron transfer 

times o f 4.5-5.5 ps,[30] in good agreem ent w ith our reported rise-tim es in the similarly- 

structured D /A  TPEBs. As m entioned, the TD-TPEB sam ple shows both m uch longer 

ESA lifetim es and an apparent absence o f  picosecond tim escale solvation dynamics. This 

may be linked to the fact that the tetra-donor sam ple has been shown to display m uch 

higher fluorescent activity than the other TPE B s.[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 o f  zero represents the two-photon absorption process. The individual 
data points o f 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 o f 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 o f the fits (solid lines) required an offset (term a in Eqn. 5.1).
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1 -4 ps

120-40 ps

Figure 5.9. A simple model to account for the observed excited-state dynamics in Donor-Acceptor TPEBs. 
S0 is the ground electronic state. State St is the two-photon electronic state with the solvation geometry of 
the ground state. State Si 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 o f  400 nm, and 

thus show strong absorption at this wavelength. The transient-absorption (TA) o f  800 nm 

probe light subsequent to 400 nm  pum p absorption is shown in Fig. 5.10 for the D-A 

TPEB species. T ransient absorption in TD-TPEB was not investigated due to the low 

availability o f  this sam ple at the tim e. As seen in Fig. 5.10, all three donor-acceptor 

samples show som e level o f  long-lasting excited-state absorption. These traces are similar 

to those obtained by tw o-photon excitation at 800 nm, as discussed above. A rise to a 

tem porally-distinct level is observed in all three samples, but is clearest in ortho-TPEB. 

As in the case o f  800 nm -pum ped N L A  (Fig. 5.8), the TA signals shown in Fig. 5.10 

were fit to the form o f  Eqn. 5.1. For ortho-TPEB and meta-TPEB, the same rise and 

decay times were found as for those excited by TPA. o/T/io-TPEB shows a 2.9 ps rise 

followed by a 35.5 ps exponential decay, meta-TPEB shows a 1.5 ps rise followed by a 

22.5 ps exponential decay. Com pared with the decay dynam ics observed from 800 nm- 

pumped TPA state, para-TPEB shows a slightly lower decay rate o f  21 ps from the 400 

nm -pum ped excited-state. Again, the 400 nm-excited transient absorption peaks observed 

between 2-10 ps in these chrom ophores are consistent with the aforem entioned findings 

by Thompson et al., for the approxim ate charge transfer rate in the excited-state o f  

m olecules with sim ilar D ->A  conjugation paths.[30]
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Figure 5.10. 400 nm pump-800 nm probe transient absorption signals o f 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 o f 1. Decay dynamics 
are: para-TPEB,ri= l.6 ps (rise), r2=21 ps (decay); mefa-TPEB, ri=2 ps (rise), r2=22.5 ps (decay); ortho- 
TPEB, Ti=2.9 ps (rise), r2=35.6 ps (decay).

The sim ilarities betw een the one-photon- and tw o-photon-pum ped transient 

absorption dynam ics in the dipolar m olecules provide further confirm ation that TPA and 

OPA is occurring to the sam e state in both ortho-TYEB  and m efa-T PE B . Furthermore, 

the indication is that the relaxation dynamics from these system s are not governed by the 

primary excitation process— a finding that is not unexpected. In para-T PE B , the 

differences in the secondary (20-30 ps) relaxation times m ay be a consequence o f the fact 

that, in this sam ple, TPA  does not take place into the low est OPA level. Thus, it is 

possible that the 400 nm  one-photon-pum ped chrom ophore and the 800 nm two-photon- 

pumped chrom ophore have different relaxation routes and dynam ics.

Kerr Nonlinearities and Excited-State Birefringence Dynamics: W e have measured 

the birefringent nonlinearities in TPEBs at 800 nm using the birefringent DOKE 

polarization condition, as described in Chapter 2. All o f  the TPEB sam ples display an 

instantaneous response that follows the pum p-probe cross-correlation response, and 

which is attributed to the ultrafast electronic (Kerr) nonlinearities. A s in the case o f  the 

nonlinear absorption response measured with the dichroic D O K E polarization condition,
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the instantaneous com ponent gives way to a small but long-lasting response. The Kerr 

response o f  solutions o f  T D -T PE B  in THF is slightly  higher than that o f  the pure THF 

solvent; representing a positive nonlinearity. In the D /A  TPEB s, however, the DOKE 

response is lower than  that o f  the THF solvent; indicating a negative y-value at 800 nm. 

As described in C hapter 2 and Eqn. 2.5, the solvent and solute nonlinearities are additive. 

Thus, to better elucidate the birefringent dynam ics in the TPEB samples, the solvent- 

subtracted response is studied, as shown in F igure 5.11. For a robust analysis, however, y- 

values are obtained from  the instantaneous peak o f  the foil solution response, rather than 

the solvent-subtracted response. This is because a m anual subtraction o f  the externally- 

obtained solvent response invariably distorts the tem poral signal profiles in the vicinity o f 

the peak, as is observed in the subtracted responses o f  F igure 5.11. At times larger than a 

few pulse-lengths, these effects becom e m inim al, and the birefringence dynamics o f the 

solutes are elucidated, as shown in Fig. 5.12.

0.00

 —  o r f h o - T P E B

—  m e f a - T P E B  

p a r a - T P E B

* - T D - T P E B

-0.05

•0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Probe delay time (ps)

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 o f  a strong TPA  resonance, the real-com ponent o f  the nonlinearity 

becomes very dispersive and follows the dispersive shape o f  the index o f  refraction. 

Unlike the index o f  refraction, w hich typically rem ains positive through the resonance, y  

rises to  a positive peak at the low -energy side o f  the absorption, and then becomes 

negative near the high-energy side o f  the resonance. [59-61] A t the resonant w avelength, y  

is zero. A com parison o f  the spectral position o f  the TPA  peaks in the TPEB samples 

(Fig. 5.2) shows that 800 nm lies is on the low -energy side o f  the TPA peak in TD- 

TPEB; while it is on the high-energy side in orf/io-TPEB and meta-TPEB. In para- 

TPEB, the TPA peak is resonant w ith 800 nm. Thus, the sign o f  the nonlinearities 

presented in Fig. 5.11 are consistent w ith th is picture: TD-TPEB shows a positive 

nonlinearity o f  y=(670±60)yiHp; ortho-TPEB and meta-TPEB show negative 

nonlinearities o f  y= (-600± l 5 0 )/n ir and y=(-450±100)/rHF, respectively; and para-TPEB 

shows the lowest-m agnitude nonlinearity o f  / = ( - 1 0 0 ± 1 5 0 ) / r H F -  The uncertainty in the 

size o f  the nonlinearity in para-TPEB arises from the fact that although for m ost scans 

this sample displayed a small negative nonlinearity, there w ere some scans w here the 

response was slightly positive or even zero. Again, this is consistent w ith the idea that the 

nonlinearities can be expected to nullify in the vicinity o f  a TPA resonance, and the fact 

that our nominal 800 nm  pulses have a bandw idth that extends through the resonance. 

The uncertainties in the /-values o f  the other TPEBs are also quite large and arise from 

the large spread o f  values obtained in the course o f  approxim ately a dozen experiments. 

Thus, the response shown in Fig. 5.11 represents the responses from one particular 

experiment, and w hile it does not strictly follow the trend in /-values reported above, it 

does agree with these values within our reported uncertainty.

The long-lasting induced birefringence dynam ics are an interesting feature o f  the 

N LO  response o f  TPEB s at 800 nm: A s seen in Fig. 5.12, the ultrafast electronic Kerr 

response gives way to  small but long-lasting pum p-induced birefringence. In the case o f 

ortho-TPEB, para-TPEB, and TD-TPEB, the excited-state nonlinearity is o f  the same 

sign as the instantaneous y-value. Specifically, TD-TPEB shows a positive long-lasting 

birefringence that decays exponentially with r^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 sm aller negative birefringence that peaks at =5 ps and then decays 

exponentially w ith 7=21.5 ps. In meta-TPEB, on the o ther hand, the initially negative 

ultrafast response crosses over and gives way to a positive excited-state birefringent 

nonlinearity, peaking at approxim ately 10 ps and decaying exponentially with 7=24 ps. 

These decay tim es are in good agreem ent w ith those obtained by the dichroic DOKE 

condition (Fig. 5.8) and those obtained by 400 nm -pum p TA, indicating that the long- 

lasting Kerr response is due to birefringence o f  the same excited-states. The curious sign 

change in meta-TPEB can be linked to the relative orientation between the 

H O M O ->LU M O  and L U M O ->L U M O +l transition dipoles. As discussed in Chapter 2, 

the linearly polarized pum p pulse induces anisotropy in the sam ple, m odifying the index 

o f  refraction parallel and perpendicular to the polarization axis. This birefringence (An// - 

An±) gives rise to the K err response in the birefringent D O K E polarization condition. In 

meta-TPEB pum ped at 800 nm, the ultrafast negative response involves T/'n0M0^ LUM0- 

For the excited-state birefringence, the optical nonlinearity involves AfLUM0^ LUM0+). 

However, as indicated in Fig. 5.4, 4 / homo^ iumo and are orthogonal in

meta-TPEB. Thus, i f  a negative nonlinearity represents An//<An_i for a given transition, 

it seems reasonable to conjecture that An//>An± in a subsequent transition for which 

transition density shifts by 90°, and thus the m easured nonlinearities w ould become 

positive. Thus, w e believe this to be the source o f  the sign change in the excited-state 

birefringent nonlinearities o f  mera-TPEB. Since this proposed m echanism  depends on 

well-defined m olecular orientation, its m easurem ent w ould be com plicated by re- 

orientational dephasing tim es.[55] W hereas small m olecules (such as C S2) can display 

relatively short (=0.5-5 ps) re-orientational tim es,[62] TPEBs are m uch larger rotors, and 

would be expected to display characteristic re-orientational tim es in the order o f  a few 

hundred picoseconds. Thus, electronic depopulation o f  the excited-state observed in 

meta-TPEB is short com pared to the dephasing time, and is prim arily m onoexponential. 

The possibility o f  a sam ple to display refractive nonlinearities o f  a given sign on peak 

and o f  the opposite side in the excited-state is not new, and has been previously shown 

(indirectly) by non-tim e-resolved m easurem ents.[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 o f \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 o f the same sign, 
/ue/a-TPEB shows a switch in the sign o f 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, r\=  4.4 ps, t2=350 ps; meta-TPEB, zv_2.7 ps (rise), r2=24 ps; ortho-TPKB, T\=1.6 
ps (rise), r2=32 ps; para-TPEB, *i=1.2 ps (rise), *2=21.5 ps.

Two-Photon Absorption Structure-to-Property Relations: A s discussed in C hapter 1, 

there is grow ing evidence that in donor/acceptor-substituted conjugated system s, donor 

substitution im pacts <j2] m ore than acceptor substitution.[6,36] This effect has been 

show n to be especially  strong in m olecules that have an arom atic core that can act as a 

w eak acceptor. [64] C om parisons betw een the TPA  spectra o f  para-TPEB and TD-TPEB 

provide further evidence for the validity  o f  this structure-property relation. The all-donor 

substituted TD-TEP displays a peak  cross-section that is m ore than tw ice that o f  the 

D /A -substituted para-TEP. This finding is significant: w hereas experim ents that look to 

study the effects o f  D -tt-D  vs. D-ti-A  substitution by  using linear chrom ophores 

invariably com pare TPA  betw een m olecules o f  different polar/m ultipolar geom etry, the 

2-D  conjugation schem e in TPEBs can provide a com parison betw een chrom ophores o f  

the same polarization (quadrupolar, in this case). C onsidering the benzene core to act as 

the dom inant 7i-clectron accepting region in TD-TPEB, this m olecule has tw o large D-ti- 

A -ti-D  arm s (para-linked  donor arms). On the other hand, the dom inant 7r-electron
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accepting region in para-TPEB resides in the region o f  the N O 2 m oiety, and although 

this chrom ophore then has longer D -> A  conjugated paths than in TD-TPEB, it only has 

tw o “bent conjugation” paths and tw o “cross-conjugated” paths. On the other hand, 

meta-TPEB and ortho-TPEB both have long p ara -lin k ed  D -> A  paths, yet they also 

show smaller TPA  activity than the all-donor sam ple. Thus, our finding that the all-donor 

TD-TPEB species shows the largest TPA o f  all o f  the m easured TPEBs confirms that 

donor substitution impacts c /2) more than acceptor substitution, especially for 

chrom ophores w ith  an aromatic center.

Another structure-property relation that is hotly debated in the literature is the 

com parison betw een peak TPA  activity in dipolar and m ultipolar molecules. 

[6,18,20,37,38] W hereas most studies find quadrupolar geom etry to be favourable to 

dipolar geom etry, [6,37,38] our finding show the opposite trend: Am ong the three 

structural isom ers, the dipolar m olecules (meta-TPEB and ortho-TPEB) display similar 

peak c/2)-values that are nearly tw ice as large as that o f  the quadrupolar species (para- 

TPEB). Once again, in order to  com pare dipolar and quadrupolar molecules, most 

studies have relied on com parisons o f  m olecules which, structurally, are significantly 

dissimilar. W ith the cross-shape o f  the TPEBs, w e are able to exam ine this structure- 

property relationship by com paring isomers o f  very sim ilar shape, but o f  differing 

polarization geom etry.

We w ould be remiss to claim  that our findings indicate that dipolar geom etry is 

superior to quadrupolar geometry. Rather, the TPA  behaviour o f  the TPEBs provides a 

good example how  the details o f  m olecular tw o-photon absorption depend on specific 

structural designs. For example, it is likely that TPA  in meta-TPEB and ortho-TPEB is 

largely dom inated by the para-1 inked D ->A paths, and thus, despite having differing 

alternate D -^ A  conjugated routes, the tw o m olecules show a sim ilar response, para- 

TPEB, on the o ther hand lacks the linear, para-linked , D~>A path, and can only utilize 

the aforem entioned alternate ‘ben t’ and ‘cross-conjugated’ routes. This suggestion is 

consistent with the reported effects o f  the various conjugation routes in TEEs, where the 

quasi-linear trans-conjugation was found to dom inate that o f  cross- and the ‘bent’ cis- 

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

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

We studied the third-order refractive and absorptive nonlinearities o f  a two- 

dim ensionally-conjugated series o f  four tetrakis(phenylethynyl)benzene derivatives. In 

one species, TD-TPEB, all four arms are term inated w ith NBU2 donor groups. The other 

three m olecules form  a set o f  structural isom ers in w hich the conjugated arms are 

terminated w ith tw o N O 2 acceptor and tw o NBU2 donor groups. These com pounds are 

named according to  the respective donor-arm  linkages across the central benzene ring; 

forming ort/m-TPEB, meta-TPEB and para-TPEB. TD-TPEB and para-TPEB are both 

quadrupolar, and therefore lack perm anent dipole m om ents. ortho-TYE B  and meta- 

TPEB are dipolar.

We used fem tosecond z-scan m easurem ents to obtain the tw o-photon absorption 

spectra, and found the low -energy c/2) peak o f  the four TPEBs. W e also used the DOKE 

technique to  tim e-resolve both the refractive and absorptive nonlinearities o f  these 

samples at 800 nm. Finally, w e conducted 400 nm  pum p-800 nm  probe transient 

absorption m easurem ents, resolving the one-photon-accessed excited-state dynam ics in 

these chromophores.

From  the z-scan m easurem ents, we find that the all-donor sam ple shows the 

highest peak TPA  cross section, w ith c/2) = 520±30 G M  at a w avelength o f  710 nm. The 

total energy o f  transition at the TPA  peak is significantly blue-shifted w ith respect to the 

one-photon spectrum . This, together w ith the m olecular sym m etry suggests that two- 

photon transitions to  a level higher than LUMO+1 are taking place. T he dipolar samples 

ortho-TVEB  and meta-TPEB display similar TPA spectra that closely follow the lowest 

one-photon absorption (in total photon energy), as w ould be expected in dipolar 

molecules, meta-TPEB and ortho-TBEB  yield c/2) = 440±20 GM  at 940 nm, and 400±20 

GM  at 860 nm, respectively. The sim ilarity in peak c/2)-value betw een these two samples
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may arise from  the fact that, w hereas the ortho-TPEB has a slightly larger permanent 

dipole m om ent, meta-TPEB has a slightly larger H O M O ^ L U M O  transition dipole 

mom ent, and both  m olecules have very sim ilar U V -vis spectra. L ike TD-TPEB, para- 

TPEB is quadrupolar, and thus shows a blue-shifted TPA  spectrum . This sample, 

however, yields the lowest overall cross-section m axim um , w ith c/2)=240±20 GM at 750 

nm— nearly h a lf  that o f  the other TPEB sam ples. These findings help to support the 

growing b e lie f that adding m ultiple donor groups at the end o f  conjugated paths 

significantly increases TPA  activity as com pared to adding both donors and acceptors. 

Furtherm ore, com parisons between our dipolar and quadrupolar D /A  m olecules shows 

that in the case o f  TPEBs, the dipolar m o tif yields higher e /2) than a quadrupolar 

substitution sym m etry. This is probably due to a lack o f  the desirable para-conjugated 

D ->A  routes in the quadrupolar species.

Pum p-probe m easurem ents show that all o f  the TPEB s display both excited-state 

absorption and excited-state birefringence at 800 nm. W ith the exception o f  TD-TPEB, 

the three isom ers show a clear 1-5 ps decay time from the tw o-photon state to the excited- 

state from w hich subsequent 800 nm probe-beam  absorption takes place. Absorption 

from this excited-state is then seen to decay exponentially, w ith 20-40 ps time scales. The 

decay tim es observed in both the birefringent and dichroic signals are similar. 

Furtherm ore, these decay rates are consistent w ith those observed from one-photon 

pumped transient absorption m easurem ents, indicating that the same excited-state 

dom inates in sam ples pum ped by either two-photon- or one-photon-absorption. Excited- 

state absorption is also present in TD-TPEB, and is seen to decay w ith a much longer 

time constant o f  «300 ps.

The third-order m olecular hyperpolarizability, y, o f  TPEBs w as m easured with the 

DOKE technique at 800 nm. The sign o f  the nonlinearity was found to correlate to the 

spectral position o f  the tw o-photon resonance: TD-TPEB, for w hich 800 nm is on the 

low-energy side o f  the TPA transition, yields the positive, and relatively large,[65]
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^ 6 7 0 ± 6 0 y t h f - In m efa-T PE B  and ortho-T P E B , 8 0 0  nm lies on the high-energy side o f  

the TPA transition, and these sam ples display a negative nonlinearity, with 

y = - 4 5 0 ± 1 0 0 y T HF and ^ - 6 0 0 ± 1 5 0 y TH F, respectively. In para-T P E B , the two-photon 

transition is resonant w ith 8 0 0  nm, and this sam ple displays a sm all (but zero within 

error) negative nonlinearity, ^-100±150yxHF-

In conclusion, TPEBs are excellent tw o-dim ensionally-conjugated systems for 

investigating both the effects o f  polar/m ultipolar geom etry and donor-acceptor 

substitution patterns on nonlinear optical properties. Such structure-to-property 

relationships are needed for guiding the future design o f  advanced conjugated m aterials 

toward use in technological applications. In this study w e have shown that it is not true 

that, all things being equal, quadrupolar geometry is superior to dipolar geometry fo r  

maximizing TPA. Furtherm ore, w e have shown that the nonlinear optical activity o f 

molecules w ith a central benzene core are dependent on the specifics o f  their structural 

design, w herein small changes w ithin our series o f  TPEB isom ers lead to significant 

differences in their K err and nonlinear absorption response.
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CHAPTER 6:
O p t ic a l  a n d  N o n l in e a r  O p t ic a l  
C h a r a c t e r iz a t io n  o f  [60]F u l l e r e n e -O l ig o (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 “C6o” or 

“fullerene”) are three-dim ensional soccer-ball-shaped conjugated m olecules that are 

relatively com pact and contain a high-density o f  n-electrons. V arious forms o f  C6o have 

been shown to display a range o f  electronic and optical properties depending on their 

processing and surroundings.[3,4] As such, fullerenes have draw n considerable interest to 

their nonlinear optical characteristics and their subsequent potential for use in emerging 

N LO -based technologies, such as all-optical lim iting.[5-7] W hile early studies indicated 

that fullerenes have very large nonlinear optical response, recent studies on the nonlinear 

optical properties o f  pristine C6o have shown them  to yield disappointingly small or even 

negligible instantaneous nonlinearities.[8-11] Nonetheless, it is presum ed that properly 

integrating fullerenes into other conjugated m aterials m ay yield novel m aterials with 

strong optical nonlinearities at wavelengths o f  interest. How ever, synthesis o f  hybrid 

materials in w hich fullerenes are directly integrated into/onto a conjugated chromophore 

has proven problem atic.[12,13] This chapter reports on the study o f  three oligo(/> 

phenylene ethynylene) (OPE) based chrom ophores, one o f  w hich consists o f  an OPE- 

(bis)fullerene hybrid. The results o f  this study, com prising a collaboration between Dr. 

H egm ann’s ultrafast spectroscopy group at the U o f  A, and Dr. T o u r’s synthetic organic 

chemistry group at R ice university, have been published in C hem istry (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 netw ork o f  delocalized 7t-electrons, as well as high-transparency in 

the near- and m id-infrared, fullerenes are appealing candidates for NLO 

applications.[15,16] N LO  research on pristine Ceo has proved disappointing, as 

unfunctionalized fullerenes display m iniscule hyperpolarizabilites and poor solubility.[9- 

11] Functionalized fullerenes, however, have been shown to yield large y and cr(2) 

values.[17-20] By bonding fullerenes to conjugated oligom ers such as OPEs, the 

electronic characteristics o f  both com ponents are altered, thus m odifying the hybrid’s 

overall NLO properties. Therefore, it is o f  particular interest to shed light on the 

fullerene-controlled third-order N LO  behavior as well as respective structure-property 

relationships. From  a geom etric standpoint, the OPE sym m etries investigated in this 

work are also o f  particular interest for N LO  research, with the roles o f  both extended 

conjugation and polar/m ultipolar sym m etries on the N LO  properties o f  m olecular 

systems being investigated. [21-31] In the O PE-based com pounds studied herein, both 

quadrupolar and octupolar system s w ith sim ilarly conjugated backbones are studied. Our 

preliminary efforts to investigate short fullerene-O PE chains and pristine C6o failed due to 

their low solubility in organic solvents. The inability to resolve nonlinearities o f  dilute 

Cgo solutions is consistent w ith prior findings that pristine fullerenes display extremely 

small nonlinearites.[8-l 1] On the other hand, fullerenes bonded to long-chain OPEs 

should be m ore soluble and w ere prim arily targeted in our study. C om pounds C6o-oct- 

50P E  and C60-quad-5OPE were selected as potential candidates for N LO  investigation, 

since they represent not only m ultiple-fullerene derivatives but also tw o different types o f 

m olecular dim ensionalities. To determ ine the effects o f  fullerene term inal groups in 

governing the th ird -o rder N LO  properties, the corresponding OPE com pounds oct-50PE  

and quad-50PE were also investigated (See Fig. 6.1).

I l l
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6.3 Experimental

Compounds: All O PE  com pounds w ere synthesized at R ice U niversity  in the Tour lab 

(see Fig. 6.1). For th is study, the U V -vis and third-order nonlinear optical properties o f 

four oligo(p-phenyleneethynylene)-based com pounds w ere investigated. For UV-vis 

characterization, OPE sam ples w ere m easured as dilute solution in o-dichlorobenzene. 

For NLO studies, all sam ples w ere analyzed in CFI2CI2 solutions. B oth com pounds C 60- 

quad-50PE and C60-oct-5OPE are only weakly soluble in CH 2CI2. Flowever, whereas a 

dilute solution o f  oct-50P E  (<2 m M )[32] gave detectable signals, C60-oct-5OPE was 

not sufficiently soluble for accurate m easurem ents, w ith  a saturated solution 

(approximately 0.5 M ) yielding an irresolvable response. A lthough CS2 is a better 

solvent for fullerene com pounds, CH 2CI2 displays both sm aller and faster ^nonlinearites 

that allow for the extraction o f  sm all solute-derived signals w ith far better resolution. [33] 

NLO characterization at a w avelength o f  800 nm was conducted with the ultrafast 

DOKE detection technique as described in Chapter 2 and elsew here.[33] All ^ v a lu e s  are 

referenced to that o f  TH F (^ n iF = 5 .2x l 0"37esu).[34] and all c /2)-values are relative to that 

o f  M PPBT ( o (2)m p p b t = 3 8 0 G M ;  L=800 nm).[35] A sum m ary o f  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 cr(2) measured at 800 nm in OPE compounds.

Com pound Concentration
(mM )

Lnax
(nm)

Y ,
(10' 4 esu) (1 O'50 cm 4 s)

quad-50PE
20 430 5. 7 ± 0 .4 65 ±  10

0 ct-5 0 P E 20 415 4.4 ± 0 .2 28 ± 8
C60-quad-5OPE 2 425 10 ±  3 140 ± 4 0
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t ip s •TIPS

quad-50PE

C60-quad-5OPE

TIPS

oct-50PE C60-oct-5OPE

Figure 6.1. Chemical structures of the reported OPE-based compounds. Sample C60-oct-5OPE was not 
sufficiently soluble for NLO characterization.

6.4 Results and Discussion

Linear Optical Properties: The U V -vis spectra o f  the O PE-based samples are presented 

in Fig. 6.2. The absorption spectra o f  the OPE sam ples are dom inated by two features; a 

higher-energy peak located between 300-325 nm, and a low er-energy peak located 

between 400-430 nm. Furtherm ore, sam ples Q ,o-oct-50PE and C60-quad-5OPE display 

long absorption tails that range from  450-600 nm and are characteristic o f  fullerene- 

containing chrom ophores.[36]

A red-shifting o f  the highest-wavelength o f  m axim al absorption, kmax, is observed 

in going from sam ple oct-50PE to quad-50PE. A lthough both sam ples have an arm-to- 

arm length o f  5 O PE units, the quadrupolar quad-50PE is fully linearly-conjugated 

across all five repeat units, whereas in the octupolar m olecule oct-50PE , conjugation is 

broken by the m eta-linkage across the central phenyl ring (see Chapter 5). Thus, this 

bathochrom ic shift o f  approxim ately 15 nm is m ost likely due to an increased conjugation 

length. A sim ilar red-shift is seen in the fullerene-capped OPE samples, where 2max is 

approx. 405 nm for C60-oct-5OPE and 425 nm for C60-quad-5OPE, respectively. This 

shift is thus also attributed to a difference in conjugation length, and not to the difference 

in the num ber o f  term inal 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 o f the long tail and the shift in oscillator strength from the 
lower-energy peak to the higher-energy peak upon the incorporation of C60.
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A significant redistribution in oscillator strength is observed upon end-capping 

with fullerenes, as can be seen from  com parisons o f  the spectra in Fig. 6.2. W hile the 

absorptivity in the vicinity o f  /tmax in O PE oligom ers oct-50P E  and quad-50PE is much 

larger than in C60-oct-5OPE and C60-quad-5OPE, the oscillator-strength is seen to shift 

to the higher-energy peak in the latter compounds. In fact, the m olar absorptivity at the 

higher-energy region is larger than that at /imax for the fullerene-O PE hybrids. It is 

reasonable to believe that this enhancem ent is due to the contribution from fullerene 

groups; m ost likely due to an electronic transition from the orbitals o f  OPE to those o f the 

fullerene cages.[14] H ow ever, despite being connected by a conjugated OPE bridge, an 

absorption band from  intram olecular electronic interaction betw een the fullerene groups 

is not detected, and thus, electronic com m unication betw een 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 <r(2,-values for the O PE sample series are listed. Fullerene-term inated sample 

C60-quad-5OPE displays the largest m olecular hyperpolarizability; y= 10x] 0"34 esu 

( ~ 2 0 0 0 Y t h f )-  This is a relatively large non-resonant nonlinearity for a conjugated 

molecule in solution, investigated by fem tosecond Kerr spectroscopy, and com pares well 

with other ultrafast third-order N LO  studies o f  single-fullerene/polyam inonitrile 

hybrids. [9,19] O f  the O PE com pounds studied, C60-quad-5OPE also has the largest TPA 

cross-section, w ith ff(2,= 140x 10"50 GM  ( ~ 0 . 4 c/ 2V ip p b t )-  This value is large for a non

polymeric com pound studied with femtosecond pulses, and displays a value that 

compares w ell w ith the only other fullerene-derivative tw o-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-term inated O PE C60-quad-5OPE shows 

a ;;-value that is nearly tw ice that o f  its OPE precursor quad-50PE. Likewise, a two-fold 

enhancem ent in o-(2) is observed, when com paring these two compounds. A similar 

doubling o f  the tw o-photon coefficients o f  conjugated chrom ophores upon attaching a 

terminal fullerene is reported by Chiang et al. [18] C onsidering that pristine fullerenes 

display negligible nonlinearities, it is possible that this enhancem ent o f  y and a(2> for C 6o-
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quad-50PE com pared to quad-50PE is due to  periconjugation effects and/or charge 

transfer from OPE to  fullerene in the excited state .[14] In previous w orks, Chiang et al., 

as w ell as others, attribute the sizable TPA response o f  functionalized fullerenes to charge 

transfer from the conjugated backbone to the term inal fullerene that acts as an electron 

acceptor.[8,9,18,39-41] This explanation is consistent with our N L O  and UV-vis results. 

That same study, how ever, found that an octupolar conjugated backbone geometry 

displays larger rr2)-values than a linear conjugated quadrupolar conjugated backbone.[18] 

In contrast, w e find that the quadrupolar quad-50PE displays a larger TPA  cross section 

than the octupolar oct-50PE. This is perhaps not surprising w hen we consider that 

although the through-centre arm s o f  these com pounds have the same num ber o f OPE 

units, in the octupolar geom etry linear conjugation is interrupted by the meta-linked 

central phenyl ring (i.e., cross-conjugation), w hereas the quadrupolar m olecule is fully 

conjugated along its length.[28] On the other hand, other groups have synthesized 

octupolar m olecules with an amide core that has been shown to allow some degree o f  

conjugation through the center.[28,42,43] M oreover, the superiority o f  the y-values o f  

quad-50PE over oct-50PE further suggests that the degree o f  7i-delocalization plays a 

m ore crucial role than the (m ulti)polar sym m etry in controlling the N LO  behavior o f  the 

m olecules synthesized here— especially w hen considering that oct-50PE  is the larger 

molecule.

In addition to instantaneous tw o-photon absorption, the J7PY-terminated OPEs 

also display excited-state absorption (ESA ).[44,45] Because D O K E detection is only 

sensitive to changes in the probe beam, TPA is recorded w hen one photon is absorbed 

from each o f  the pum p and probe beams. This can only occur when the beams are 

overlapped tem porally. For excited-state absorption, two photons are simultaneously 

absorbed from the intense pump beam  to a high-lying tw o-photon state, as described in 

C hapter 2. A fter relaxation to a lower-lying excited state, a photon m ay be absorbed from 

the probe beam. This process will depend on the relaxation dynam ics from the two- 

photon and lower excited-state as well as the transition probability  o f  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 CH2CI2 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 ftillerene-terminated OPE Qo-quad-50PE. b) (log- 
linear graph) Excited-state absorption decays, showing that samples quad-SOPE and oct-50PE  have 
strikingly similar relaxation dynamics.
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Figure 6.3 presents the tim e-resolved nonlinear absorption responses o f  oct- 

50PE, quad-50PE, C60-quad-5OPE, and MPPBT. C H 2CI2, lacking TPA at 800 nm, 

only displays a very sm all transient grating signal typical o f  coherent coupling (not 

shown; See Fig. 2.7 for a sim ilar response in THF).[46] W hereas both OPE compounds 

oct-50PE, quad-50PE display a m easure o f  excited-state absorption, the fullerene- 

term inated C60-quad-5OPE shows only instantaneous TPA . W hen N LA  in MPPBT is 

shown for com parison, it becom es clear how sim ilar the excited-state dynamics o f  both 

the quadrupolar OPE and octupolar OPE are (Fig. 6.3b). This is som ew hat surprising as 

the electronic levels in these system s are expected to  be closely governed by the 

transition dipoles and geom etry. For example, the low est lying energy state in the 

centrosymm etric quad-50PE is expected to be tw o-photon forbidden, while having a 

higher-energy state that is one-photon forbidden but tw o-photon allowed. On the other 

hand, the noncentrosym m etric oct-50PE  is expected to have both a one- and two-photon 

allowed first excited state .[27,28] B ecause the band-gap w avelength (A,max= 4 15-430 nm) 

o f  these sam ples is longer than the two-photon wavelength, (1/2 Naser = 400 nm), it is 

possible that the TPA is occurring to a high-lying excited state. A ccordingly, from the 

UV-Vis spectra and tim e-resolved ESA dynamics, it is reasonable to suggest that it is the 

OPE chrom ophore units them selves, rather than the m ultipolar geom etry that regulates 

the excited-state behavior o f  sam ples oct-50PE and quad-50PE . The fact that the OPE 

precursor quad-50PE displays excited-state absorption w hile the fullerene-term inated 

C60-quad-5OPE does not, is further consistent w ith a charge-transfer mechanism, in 

which relaxations from the tw o-photon-accessed level to the ground state take place 

without significant population o f  the intermediate excited state that is observed in quad- 

50P E  and oct-50PE.[18] However, in the absence o f  tw o-photon induced fluorescence 

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

samples. [47]
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6.5 Summary

A new  synthesis route has m ade available m ultiple-fullerene functionalized 

conjugated-chrom ophore hybrids.[12] The spectroscopic characterization o f  such 

m aterials is o f  considerable interest, as researchers seek to  realize the benefits o f  

incorporating the highly 7t-electron-rich fullerenes into conjugated frameworks. In this 

context, w e studied a m ultiple-fullerene oligo(p-phenyleneethynylene) (OPE) hybrid, 

C60-quad-5OPE, together w ith its quadrupolar OPE precursor, quad-SOPE, and another 

structurally-related octupolar OPE, quad-50PE. W e investigated the third-order NLO 

and nonlinear-absorption properties o f  the OPE-based com pounds using the DOKE 

detection technique. The m easured third-order nonlinear-optical coefficients for fullerene 

derivative C60-quad-5OPE are approxim ately double those o f  its OPE precursor quad- 

SOPE at 8 0 0  nm, w hile nonlinearities for pristine C6o are negligible. C60-quad-5OPE 

displays significant tw o-photon absorption at 8 0 0  nm, w ith c/2 - 1 4 0 ± 4 0  GM, compared 

with c/ 2j= 6 5± 1  0 GM  and c /2)= 2 8 ± 8  GM  for quad-50PE and oct-50PE, respectively. 

The m olecular second-hyperpolarizability at 8 0 0  nm is also non-negligible for these 

com pounds, ranging from ( 5 .7 ± 0 .4 ) x l0 '34 esu for quad-50PE and (4 .4 ± 0 .2 ) x l0 ‘34 esu 

for oct-50PE, to (10±3)xlC T 34 esu for C60-quad-5OPE. W hereas the doubling o f  /a n d  

in C60-quad-5OPE could typically be explained by increases in conjugation length 

com m ensurate w ith a significant red-shifting o f  Lmax, no such shift is observed in the 

absorption spectra in going from quad-50PE to C60-quad-5OPE. In fact, a slight blue- 

shifting o f  approxim ately 5 nm is m easured. Therefore, the differences in optical 

nonlinearities betw een the pure OPEs and the O PE-fullerene hybrids are not due to any 

extension o f  conjugation beyond the OPE backbone. Thus, the N LO  results suggest a 

synergistic interaction between the conjugated OPE backbone and term inal fullerenes. 

Evidence for this is further supported by cyclic voltam m etry studies presented 

elsewhere. [14] Other groups have attributed sim ilar findings to the form ation o f  a charge-
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transfer species in w hich excited electrons pass from the conjugated backbone to the 

term inal fullerene. This proposed m echanism  is further supported by the com parisons o f 

the excited-state absorption dynam ics o f the com pounds. W hereas both o f  the pure OPE 

frameworks display sim ilar excited-state absorption, end-capping w ith fullerene (in C 6o- 

q u a d -5 0 P E ) yields a com pound that only displays instantaneous two-photon absorption. 

Finally, this fullerene-term inated OPE displays sizable y- and <r(2)-values that are 

consistent w ith other C6o derivatives reported in the literature. Thus, our findings are 

potentially instructive to  guiding the m olecular design and engineering o f  organic-based 

electronic and nonlinear optical materials.
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CHAPTER 7:
T h e  K e r r  R e s p o n s e  o f  C r o s s - C o n j u g a t e d  i s o - 
POLYDIACETYLENES 

7.1 Context

Ao-Polydiacetylens (Ao-PDAs) are a novel class o f  oligo-enynes in w hich repeat units 

are linked via cross-conjugated bridges. Because Ao-PDAs are not linearly conjugated, 

their nonlinearities m ay not be expected to increase superlinearly as a function o f 

oligomers length, but rather, each unit m ay sim ply contribute additively to the m olecular 

nonlinearity. On the other hand, cross-conjugated Ao-PDAs have as high a concentration 

o f  7r-electrons as linearly-conjugated com pounds 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 K err response as a function o f  oligom ers length. The 

results o f  this study have been published in tw o prelim inary articles and one full 

article. [1-3] The follow ing is a sum m ary o f  the Ao-PDA w ork, and is a reworked excerpt 

from Y. Zhao, A. D. Slepkov, C. O. Akoto, R. M cDonald, F. A. Hegm ann, and R. R. 

Tykwinski, "Synthesis, structure, and nonlinear optical properties of cross

conjugated perphenylated Ao-polvdiacetylenes", Chem:-Eur. J. 11, pp. 321-329, 2004.

Synthesis, linear spectroscopy and m olecular m odeling o f  the Ao-PDA samples 

were conducted by Dr. Yum ing Zhao and Clem ent Akoto in Dr. T ykw inski’s lab. X-ray 

crystallography was provided by Dr. M cDonald, at the U niversity o f  Alberta.
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7.2 Introduction

In the past several decades, m olecules w ith extensive 7t-delocalization have been 

investigated for use in third-order NLO  applications.[4,5] C onjugated oligomers are also 

attractive as nonlinear optical m aterials due to their extended 7i-e lectron  system s.[6,7] 

For example, polyynes (PY),[8,9] polyacetylenes (PA s),[10,l 1] polydiacetylenes 

(PDAs),[12] polytriacetylenes (PTAs),[13] as w ell as m any others have been 

explored.[14-18] W hile linearly-conjugated fram ew orks are highly attractive for the 

sheer m agnitude o f  their nonlinear-optical responses, they do have drawbacks.[7] A 

m ajor disadvantage to m ost linearly-conjugated oligom ers is the dram atic red-shifit o f  

m aximum electronic absorption w avelength (/WT,ax) tow ards the visible region o f  the 

spectrum as the oligom er chain length is increased. This results in longer oligomers with 

considerably decreased transparency in the visible region o f  the spectrum , hindering their 

technological poten tial.[19-21] To circum vent this “transparency-nonlinearity trad e-o ff’, 

alternatives to linear conjugation have been explored, such as two-dimensional 

conjugation[22,23] and the substitution o f  functional groups in the oligomer 

backbones. [24,25]

This study looks to investigate cross-conjugation as a w ay to increase optical 

nonlinearities w ithout suffering loss o f  transparency. In this context, cross-conjugated 

enyne oligom ers[26] have been examined with the follow ing m otives in mind: First, the 

red-shift o f  Lmax can be mediated, on account o f  the attenuated 7r-electron delocalization 

via a cross-conjugated framework, giving relatively unm odified transparency, even for 

extended oligom ers. Second, cross-conjugated oligom ers rem ain rich in 7t-electron 

density, w hich is necessary for providing a large third-order m olecular and bulk nonlinear 

optical susceptibility.

O ligom ers w ith  a cross-conjugated enyne fram ework, such as iso-  

polydiacetylenes 1 and 2[27,28] (shown in Fig. 7.1) and A o-po  Iytriacety lenes (iso- 

PT A s)[29-31] show electron com m unication along the cross-conjugated enyne 

frameworks, w hile m aintaining high transparency in the visib le region o f  the 

spectrum .[32] In search o f  cross-conjugated oligom ers suitable for the study o f  third- 

order NLO behavior, a series o f perphenylated A o-PD A  oligom ers 3 was synthesized, 

wherein the perphenylation allows for high solubility necessary for NLO 

m easurem ents. [3]
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H jC ^ C H a

R  R R  R 1

iso -  potydiacetylenes

Figure 7.1. Three general /so-polydi acetylene frameworks. Structures 3 are the perphenylated Ao-PDAs 
discussed herein.

S iE t -

a 3si'

/so-polydiacetylene iso-P  DA-1 iso-P  DA-3

♦

/so-PDA-15

Figure 7.2. Perphenylated ;'.vo-polydiacetylene oligomers. The end-group Et3Si, otherwise known as TES, is 
an electronically inert moiety inserted for improved solubility. For this study, oligomers with n=l, 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, 
/so-PDA-1.
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7.3 Results and Discussion

Electronic Absorption and Emission: The electronic absorption characteristics o f

dimer Ao-PDA-2 through pentadecam er Ao-PDA-15 w ere investigated by UV-vis 

spectroscopy, and are shown in Fig. 7.2. A  prom inent aspect o f  the UV/Vis spectra is the 

steadily increasing m olar absorptivity as the oligomeric chain length is extended, which 

ultimately reaches e= 160,000 IVT'em"1 for Ao-PDA-15. T he electronic absorption 

spectrum o f  the dim er shows two distinct absorptions at 373 nm  and 323 nm. In the 

absence o f  a significant contribution from  cross conjugation, the m ajor absorptions for 

A o-PD A s are expected to com e from the longest linearly-conjugated fram ework, the ene- 

yne-ene segm ent shown in bold in Fig. 7.2.[33] Previous w ork  w ith  cyclic Ao-PDA s 

suggests that the lower-energy absorption (373 nm) results from  the H OM O ->LUM O  

transition for the ene-yne-ene segment. The absorption at 323 nm, however, is predicted 

to arise from  the H O M O ->L U M O +l transition o f the cisoid conform er, a transition that 

is formally sym m etry forbidden for the transoid conform er. The spectrum  o f  trim er iso- 

FDA-3 show s a sim ilar absorption profile to  that o f  the dim er, w ith distinct absorptions at 

375 and 324 nm. In the spectrum  o f  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 heptam er Ao-PDA-7 to 

pentadecam er Ao-PDA-15, the electronic absorption profiles show a sim ilarly broad and 

featureless peak at a m axim um  absorption energy o f  7max = 378 nm. Overall, a very 

small red-shifting o f  7max is observed as one progresses from  the dim er (A,max = 373 nm) to 

pentadecam er 25 (kmax = 378 nm). This effect has, how ever, already reached saturation 

by the length o f  approxim ately n = 7 -9 , [34] similar to  that observed in other A o- 

PDAs. [27,28]

Em ission spectra ([Ao-PDA] < 1 . 5  M), have been m easured in degassed CHCI3 

with an excitation w avelength o f  380 nm  (Figure 7.4), and the perphenylated Ao-PDAs 

show enhanced em ission w hen com pared to their alkylidene analogues 1 and 2. The A o- 

PDA oligomers (n = 2-15) consistently show only one broad em ission peak, and the 

relative em ission intensity steadily increased with chain length n. The m axim um  emission 

wavelength ( 7 em ) shifts tow ard the lower-energy region from  dim er Ao-PDA-2 (7em = 468 

nm) to heptam er Ao-PDA-7 (7em = 503 nm). From heptam er to pentadecam er Ao-PDA- 

15, 7em is constant. This trend concurs with that discussed above for the UV/Vis 

absorption data, suggesting an effective conjugation length (ECL) o f  n ~  7.
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Figure 7.3. [colour] Electronic absorption spectra (e in Lmor'crrf') in CHC13 comparing the effects o f  
oligomer chain for «=2-15 iso-PDAs.
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Figure 7.4. [colour] Emission spectra in CHC13 for full iso-PDA series, with excitation at 380 nm. /.enl 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 wo-PDA series.[al

E ntry
n

Concentration

(M)

r
(x 10'36esu)

/ Tjhf

/.vo-PDA-l 1 0.23 9.2+0.4 17.7+0.8

iso-PDA-2 2 0.15 30.3+0.3 58.2+0.5

iso-PDA-3 3 0.13 48+4 94+7

iso-PDA-5 5 0.12 70+5 134+9

iso-PDA-7 7 0.10 94+4 181+9

iso-PDA-9 9 0.12 123+8 240+15

iso-PDA-11 11 0.054 177+18 347+35

iso-PDA-13 13 0.054 208+10 408+20

iso-PDA-15 15 0.035 308+8 603+16

|aV  and Ahf are the third-order hyperpolarizabilities o f the oligomer samples and THF reference, 
respectively, n is the number of repeat units in the oligomer.

Nonlinear Optical Properties: Because o f  their significant optical transparency, an 

appealing aspect o f  /so -P D A  oligomers is their potential use as third-order NLO 

materials. M olecular second hyperpolarizabilities, y, for the /vo-PD A  samples were 

determ ined by differential optical K err effect (DO KE) experim ents. In these 

experim ents, the oligom er samples, from m onom er iso-PD A-l to pentadecam er iso- 

PDA-15, w ere prepared as THF solutions o f  0.035-0.23 M . The /-v a lu es  were then 

obtained as described in Chapter 2 and elsew here.[35] All /-v a lu e s  are referenced to that 

o f  THF (Tth f) .  A s  depicted by the values in Table 7.1, the /vo-PDA series shows an 

order o f m agnitude increase in y  from the dim er to pentadecam er. Overall, however, the 

/-values them selves remain quite m odest (when com pared to those o f  linearly conjugated 

polyenes, for exam ple [4]). On the basis o f  the absorption and emission data, 

conventional w isdom  dictates that electronic com m unication would be limited across a 

cross-conjugated bridge. Thus, increasing the num ber o f  m onom er units o f an /.vo-PDA 

oligomer w ould sim ply increase the num ber o f  fixed-length linearly-conjugated paths 

(shown in bold, Figure 7.2). In the absence o f  significant cross-conjugated n -
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delocalization, a linear increase in ^-values as a function o f  chain length would be 

expected. Indeed, a linear trend for shorter /so -P D A  oligom ers (n =  2 -7 ) was observed 

and reported.[1,2] The investigation o f  longer oligom ers, how ever, reveals m arkedly 

different behavior as show n in Fig. 7.5, w here the oligom er nonlinearities clearly deviate 

from linearity w ith increasing chain length («).

A superlinear increase in ^v a lu e s  as a function o f  chain length is typically 

encountered in both theoretical and experim ental studies o f  the electronic 

hyperpolarizabilities o f  linearly conjugated oligom ers. Such studies have shown that 

optical nonlinearities generally increase w ith conjugation length according to a power- 

law relationship, y ~ n , w here c is the pow er law exponent. [7,3 6,3 7] Thus, a nonlinear 

increase in y  as a function o f  oligom er length m ay indicate increased electronic 

com m unication along a conjugated backbone. W hile theories predict pow er law 

exponents o f  c = 2 -  4 for linearly conjugated system s,[7,38] there are currently no 

theoretical predictions for cross-conjugated system s. This is, arguably, because no 

electronic delocalization is expected to occur through cross-conjugated linkages. Figure 

7.5b presents the ^-values o f  the entire /.vo-PDA series (with the exclusion o f  the 

monomer, /.vo-PDA-l)[39] fit to a pow er law function o f  the form y=a+bnc, where a and 

b are constants. C onsidering the entire data series, th is analysis provides a superior fit to 

that o f  a sim ple straight line, and yields a pow er o f  c=2.0±0.3. Although the data 

adequately fits a power-law , the correlation is not ideal.

A  third possible relationship, consisting o f  tw o linearly increasing regim es, is 

also considered, and is shown in f  7.5c. The ^-values show a good linear fit spanning 

«=2-7  and a second linear fit w ith a steeper slope over the range o f  w=9-15. Overall, the 

two-line analysis, w ith a distinct change in slope at n *  9, provides the best description o f 

the data. The analyses in Figs. 7.5b,c represent tw o different phenom ena. A  power-law 

relationship between y  and oligom er length (Fig. 7.5b) would presum ably arise from 

increased 7i-electron delocalization, an unlikely prospect considering only the m inute 

red-shifting seen U V /V is absorption and em ission data. A  tw o-regim e linear increase in 

nonlinearities w ith a distinct change in slope, however, could arise from the onset o f  

ordering o f  the sam ple in solution, such as folding. This prospect is discussed below.

130

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



C h a p t e r  7 : C r o s s - C o n j u g a t e d  /s o - P o l  y  a d i  a c e t y l e n  e s

7 0 0

6 0 0

600

u_ 4 0 0  
I

^ 7 "  300  

200 

100 

0

Num ber o f m onom er units, n
0  2  4  6 1 0  12 14 16

7 0 0  

6 0 0  

500

LL
X  4 0 0  H*

3 0 0  

200 

100 

0

Num ber o f monomer units, n

...r — r .... i ............

; (b)

......*.....*..... »......1..... *.....1..... ......T.....' ..... i—

•

/
-

//

-
, /  

/  *
r

z  “

~

yAthh~ n
..... ......i............. i ..... i ..i... I i ..... .i...........,1..... ».....1......».....1......

0  2  4  6  8  10  12 14 16

6 0 0

5 0 0

X  4 0 0  

«£*"**
^  3 0 0  

200 

100 

0

Number o f monomer units, n
0  2 4  6  8  10 12 14 16

Figure 7.5. Correlation of relative molecular second hyperpolarizibilities (v/yxmO as a function of oligomer 
length n. (a) Linear fit (n = 2-15). (b) power-law fit of the form y  = a + brf (n = 2-15). (c) Two linear fits 
(n = 2-7 and n = 9-15).

(a) (b)

Figure 7.6. Minimized structure o f tridecameric /'.vo-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 Ao-PDAs: Perphenylated /.vo-PDA oligom ers may prefer a 

specific, folded, conform ation in the solution state, especially in the case o f longer 

oligomers (n > 7). In addition to the N L O  evidence for structural changes at a length 

between n= l and w=9, crystallographic analysis o f  trim er Ao-PDA-3 further supports this 

hypothesis; w here the pseudo-cA orientation betw een enediyne segm ents allows the 

neighboring phenyl groups to  approach close enough to  effect n-n interactions, which 

could become the dom inant feature in the longer oligom ers. To further probe the prospect 

o f  folding, the geom etry o f  /.vo-PDA oligom ers o f  various length was analyzed 

com putationally (by Dr. Y. Z hao).[40] W hen the initial oligom er geom etry adopts an all- 

cisoid  conform ation (ri>7), the m inim ized structure consistently achieved a helical 

conform ation w ith a "folded" enyne fram ework, w hich is dem onstrated in Fig. 7.6 for the 

tridecam er (m inus TIPS end-groups). The phenyl rings o f  neighboring alkylidene units 

each participate in 7t-stacking, contributing to the stabilization o f the folded 

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

be approxim ately 40°.

1.5

1.4 m—  in acetonitriie 
♦ — in chloroform

1.3

1.2

1.1

1.0
2 4 8 8 10 12

n

Figure 7.7. Plot of absorbance ratio A3Ti/A32i vs. chain length (n) in CHC13 (•) and acetonitriie (■). A37S 
denotes the absorbance intensity at 378 nm, and A323 denotes the absorbance intensity at 323 nm.
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Folding o f  the A o-PD A  oligom ers is further supported by U V /V is spectroscopic 

analysis. Previous w ork  on z.vo-PDAs provide for the follow ing assum ptions in the 

present study: F irst, the HOM O-ALUM O+1 transition at approxim ately 323 nm  is 

symmetry allow ed for the cisoid conform ation and forbidden for the transoid 

conformation, [27,2 8] and, secondly, the H O M O ^ L U M O  transition for the cisoid ene- 

yne-ene chrom ophore occurs at slightly higher energy than that o f  the transoid conform er 

(although both are observed as a com bined absorption band at approxim ately 378 nm in 

the present case).[27,28,41] The ratio o f  these tw o absorbances (denoted as A ^ A ^ i )  

could therefore be an indicator o f  a conform ational change, and a plot o f  this indicator 

versus chain length n  is presented in Figure 7.7. In both CHCI3 and acetonitriie, the ratio 

o f  H378/H323 steadily increases from dim er i.vo-PDA-2 to  heptam er Ao-PDA-7, and then 

reaches a constant value for the longer oligomers (n >  7). This behaviour is consistent 

with a conform ational change for the longer oligomers. In an effort to provide additional 

support o f a folded conform ation for A o-PD A s, circular dichroism  (CD) spectroscopy in 

the presence o f  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 tw ist sense could not be achieved.
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7.4 Conclusion

The optical, structural and nonlinear optical properties o f  perphenylated cross-conjugated 

Ao-polydiacetylene oligom ers, w ith «= 1-15 repeat units, w ere studied. Their electronic 

absorption behavior indicates an effective conjugation length o f  approxim ately n=7-9. 

The w o-PD A  oligom ers show steadily increasing fluorescence intensity as a function o f  

chain length, and the em ission w avelength red-shifts slightly from 468 nm (in dimer iso- 

PDA-2) to  503 nm  (in heptam er iso-PDA-7). B eyond the length o f  the heptamer, the 

em ission energy rem ains essentially constant. The third-order N LO  properties o f  the iso - 

PDAs in THF solutions were studied by differential optical K err effect (DOKE) 

experiments, at a w avelength o f  800 nm. The m olecular second hyperpolarizabilities 

display a super-linear increase as a function o f  chain length. The best fit to the NLO data 

shows tw o linear regim es, suggesting an increased order in the system, likely helical 

folding. W hile definitive p roof o f  a folded conform ation for extended /so-PD A s remains 

elusive, em pirical evidence o f  this conform ational presence is provided by m olecular 

m odeling studies as w ell as UV/Vis and N LO  spectroscopy. The superlinear increase in y  

as a function o f  oligom er length is the first o f  its kind reported for (through-carbon) 

cross-conjugated systems. The 15-repeat-unit iso-PDA-15 show ed the largest 

nonlinearity, with y=603±16yxHF-
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CHAPTER 8:
E x p e r im e n t a l  Se t u p  f o r  t h e  M e a s u r e m e n t  o f  
N o n d e g e n e r a t e  T w o -P h o t o n  A b s o r p t io n  
Sp e c t r a

8.1 Introduction

All o f  the tim e-resolved m easurem ents described in preceding chapters m easured 

degenerate sam ple nonlinearities, w herein pump and probe w avelengths are the same. 

Our laser outputs 800 nm  light, as defined by our T i:Sapphire oscillator. For various 

experiments, we often desire pum p or probe beams o f  w avelengths different than 800 nm. 

Such experim ents include one- or tw o-colour transient absorption and pum p-probe two 

photon absorption m easurem ents. A s outlined in preceding chapters, the need for 

characterizing optical nonlinearities at various w avelengths is becom ing increasingly 

clear. This is especially true for absorptive nonlinearities, w here tw o-photon absorption 

(TPA) spectra provide im m easurably m ore information than cross-sections at a single 

wavelength. Theoretical expressions that describe a com pound’s tw o-photon activity 

depend on param eters at the TPA spectrum  peak and on oscillator strengths and 

absorption line-w idths.[l-3] O ur experience with a series o f  self-sim ilar two-dim ensional 

tetrakis(phenylethynyl)benezene (TPEB) compounds provides a good example for 

illustrating the im portance o f  m easuring the entire TPA spectrum, as opposed to 

m easurements at a single w avelength (see Chapter 5). For several years we only had 

access to m easurem ents o f  TPEB nonlinearities at 800 nm. We spent considerable time 

attempting to  analyze trends in the optical nonlinearities o f  these com pounds, but found 

that without know ledge o f  the position o f  the TPA peaks them selves, any conclusions 

would have to  be tentative at best. U pon obtaining the (vis-NIR) tw o-photon absorption 

spectra o f  these com pounds, it becam e clear that the true ordering o f  TPA activity was
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very different than that presented at 800 nm; some com pounds had TPA  peaks at shorter- 

wavelengths, and w ere thus decreasing at 800 nm, w hile others w ere increasing TPA 

activity to peaks at longer w avelengths. W hile these z-scan spectral m easurem ents were 

extremely useful for the description o f  TPA processes in the TPEBs, they were 

nonetheless conducted w ithout tim e-resolution capabilities. Thus, w e have a clear and 

urgent need for a broadband laser source for pum p-probe experim ents.

In the past, we have used a frequency-doubling crystal such as a -B B O  or KDP for 

the generation o f  400 nm light for use in such experim ents. H ow ever, this process still 

limits our spectral capabilities to two w avelengths; nam ely, 800 nm and 400 nm. For the 

past 15 years, the m ost w idely  used source for w avelength-tunable laser light has been 

the optical param etric generator, OPG (or am plifier: O PA ). A  typical OPG/OPA can 

convert intense m onochrom atic laser beam to a m uch-w eaker m onochrom atic beam at a 

different w avelength. W e have a Q uantronix TOPAS OPA, w hich w e have used for 

w avelength-tunable pum p-probe experiments, with in term ittent success.[4] The TOPAS 

specifications list its output range to be from 250 nm  to  20 pm , using 8 different 

generation/doubling crystals. The conversion efficiency for the O PA  depends on the 

output w avelength, and ranges from 20% to 0.2%  efficiency in the visible. In practice, we 

have found the TOPAS efficiency to be considerably low er than this. We have mainly 

used the OPA for generating infrared pulses with w avelengths greater than 800 nm, and 

thus, outside o f  the visible range. We have also found the O PA  output to  be very noisy, 

with large pulse-to-pulse fluctuation. This is a m ajor problem  for pump-probe 

experiments, and especially those like the K err effect that exhibit a quadratic dependence 

on laser power. Furtherm ore, the TOPAS can only output one w avelength at a time, and 

needs alignm ent (often considerable) to tune each individual w avelength. Thus, there is 

considerable dow nside to using the OPA as a source for broadband tunable laser light for 

pum p-probe experim ents.

Supercontinuum  (“white-light”) generation (SCG) is a w ell-established, but fairly 

recent technique for obtaining broadband coherent laser light. A lfano 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 o f  media, 

including sim ple liquids such as water and benzene;[6] glasses; crystalline solids such as
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LiF and sapphire;[7] m odified optical fibers;[8,9] and gasses.[10] It is not surprising that 

SCG was am ong the last N LO  phenom ena to be discovered because this process requires 

extremely high field intensities. In fact, all w hite-light generation shows thresholding 

behaviour, a universal characteristic o f  SCG that m ay be a clue to its origins.[ 10,11] It 

has become clear that regardless o f  the exact chain o f  events, the creation o f  new 

wavelengths in SCG  involves nonlinear optical processes. This conclusion is made from 

the high threshold pow ers needed to sustain the phenom enon com bined w ith the low 

attenuation levels o f  the incident pulse. Som ehow , the intense light is interacting with the 

medium  to convert incident radiation into new  w avelengths. For this to occur, a time- 

varying phase change m ust exist such that the creation o f  new frequencies is given

b y : [ 11 ]

A©(0 = - ^ !L. 8.1
dt

This phase change ($nl) may, for example, be brought about by a third-order Kerr-type 

index m odulation where the index o f refraction is intensity dependent.

= 8.2

Thus, self-phase m odulation as the generation m echanism  predicts a continuum 

bandwidth that depends on the third-order optical nonlinearities o f  the generating 

m aterial;[12]

a)Ln2 d l (t) (3)
A o( t )  = ---------— — K Z  - 8.3

c dt

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 m odulation (SPM ),[8,12] four-wave m ixing (FW M ),[6] and self-focusing [10,13-
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17] were am ong the first to be nom inated as the key m echanism s responsible for SCG. 

Other processes such as R am an-enhanced four-wave m ixing (FW M ) and stimulated 

Ram an scattering (SRC) have been shown to play a key roll in the SCG o f  some 

m aterials,[6] w hile novel phenom ena such as stim ulated reorientational Kerr-scattering 

(SKS) and R am an-induced K err effect have been proposed to explain anom alous features 

o f SCG in other m ateria ls.[6] F inally, processes that take into account the large intensities 

o f incident light, such as m ulti-photon excitation or electron-plasm a production, [18] have 

provided convincing argum ents to  explain key features o f  m any SCG spectra. Am idst a 

multitude o f  w hite-light spectra, generated by different sam ples 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 o f  any one nonlinear phenom enon as the sole 

mechanism for supercontinuum  generation. In all probability, SCG involves multiple 

competing nonlinear processes, yielding com plex and highly variant broadband spectra.

Generation of The Supercontinuum: In practice, the generation o f  coherent 

supercontinuum  light is trivial. H igh-intensity laser light is incident (either focused or 

not) on a sample, and the out-going light is collim ated for analysis or use. The intricacies 

o f  SCG lie in the fact that every initial param eter— including sam ple type, sample length, 

incident pump wavelength, incident pulse length, and m axim um  pulse intensity— gives 

rise to different w hite-light spectra. The com m onality in all o f  the experim ents lies in the 

depletion o f pum p light to create a continuum o f  other wavelengths. These new 

frequencies m ay lie on either or both o f  the high-frequency, low-wavelength (anti- 

Stokes), or on the low-frequency, high-wavelength (Stokes) side o f  the incident spectrum. 

W hat makes the supercontinuum  exciting is not in the creation o f  other distinct 

wavelengths— since these are achievable by established m eans such as Stimulated Ram an 

Scattering (SRS), and sum- or difference-frequency m ixing— but in the continuous 

creation o f  new frequencies. The supercontinuum  m ay be sym m etric, where A co is equal 

on each side o f  the incident frequency, or it m ay be asym m etric, with either 

A<a+>A<u_ or Aco-<Aco+ (where +  signifies the anti-Stokes side and -  signifies the Stokes 

side).[19] The case o f  dom inant Stokes continuum is relatively rare. The notation o f 

“Stokes” and “anti-Stokes” does not mean that the process necessarily involves Ram an 

modes, as is clear from the possibility that Aa>+>Aa>-. Furtherm ore, the supercontinuum 

spectrum may be extrem ely w ide w ith A m a k i n g  it particularly useful for broad

band spectroscopy.[20,21]

142

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



C h a p t e r  8 : E s t a b l i s h i n g  a  W h i t e - L i g h t  P r o b e  S e t u p

A B C  D
▼

sample

F ig u r e  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 w hite light has three essential com ponents, 

as illustrated in Fig. 8.1:[7,15] The m ajority  o f  the energy lies in the undepleted pum p 

pulse at the original frequency. C ollinear w ith this light, is the supercontinuum . This light 

has a m odulated  spectrum , and  is Iso-polarized w ith  the pum p beam , w ith  its anti-Stokes 

com ponent typically  lagging tem porally  behind  its Stokes com ponent. [22] W ith the vast 

spectral differences betw een the pum p and supercontinuum  beam s, one m ight expect 

com plete spatio-tem poral collapse o f  the supercontinuum  beam. H ow ever, despite these 

spectral characteristics, the supercontinuum  beam  is nearly  unaltered  spatio-tem porally, 

displaying a hom ogeneous tem poral broadening. [10] The third feature is a conical 

em ission that slightly diverges from  the m ain beam. This em ission has a w avelength- 

dependent angle, increasing in divergence w ith decreasing wavelength. Thus, it appears 

as an inverted rainbow  w hen projected on a screen. Sim ple scattering (diffraction) 

processes w ould yield the opposite w avelength-em ission angle dependence, suggesting 

that the conical com ponent is distinct from  the collinear com ponent. This feature also 

represents a  coherent supercontinuum . H ow ever, the term  supercontinuum  is often 

reserved for the white-light that is collinear w ith the pum p beam .[l 1] This notation will 

be used for the rem ainder o f  this w ork, w here supercontinuum  or w hite-light will refer 

only to the collinearly generated com ponent.
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A further attribute o f  SCG  is the phase coherence o f  the white light, making it 

ideal for spectroscopy. This aspect o f  SCG m ay be surprising, especially when 

considering the various proposed com peting m echanism s that bring about its creation. 

Despite all o f  these attributes, it is im portant to note that regardless o f  the technique used 

for generation, the process is quite inefficient, w ith the  best free-space conversion 

efficiencies on the order o f  10% pum p depletion, and in m ost cases under 2% conversion!

7 15However, since creating w hite light typically takes intensities on the order o f  10 -10 

W /cm 2, even a few percent o f  white light is sufficient for spectroscopic and 

am plification-seeding purposes. Furtherm ore, contrary to expectation, the low conversion 

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

are less than 5% .[11]

Towards the end o f  establishing capabilities for the ultrafast tim e-resolved 

characterization o f  nonlinear absorption processes in organic samples, I have 

endeavoured to set up an 800 nm -pum p continuum -probe experim ent. The goal was to 

establish proof-of-principle that a usable continuum  beam  m ay be created in our lab, and 

further, that th is beam m ay be suitable for studying the nondegenerate two-photon 

absorption (TPA) cross-section and excited-state dynam ics o f  condensed-m atter samples.
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8.2 Continuum Generation in H20  and Pulse Characterization

Continuum Generation in H 20: After prelim inary investigation o f  SCG from H20  and 

heavy water in 1 m m  path-length cuvettes, as w ell as from  th in  sapphire windows, we 

found that a longer, 10 mm path-length, w ater cell produces an adequately strong and 

broad continuum . In all o f  the generating m edia that w e investigated, we found large 

pulse-to-pulse intensity and spectrum  fluctuations. These fluctuations are m ostly due to 

the formation o f  trapped bubbles in thin cells and from dam age in sapphire windows. In 

an attempt to  reduce these fluctuations, we constructed a 10 m m  path-length (square 

profile) quartz flow -cell to flush out any bubbles. A tem perature-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, w e currently 

generate our continuum  by focusing 800 nm  light into distilled w ater in a 10 mm path 

length quartz flow-cell.

The experim ental layout for both the supercontinuum  generation and its 

subsequent characterization is presented in Fig. 8.2. For the white-light generation, 

polarized 100 pJ, 800 nm am plified laser pulses are focused w ith  an f  =  7.5 cm  lens into 

distilled w ater flowing through a 10 mm path-length quartz cell. The emerging 

continuum diverges rapidly and shows typical conical em ission in addition to a central 

‘w hite-light’ beam . The conical emission, as well as approxim ately 10% o f  the 

continuum beam  is rem oved w ith an iris acting as a w indow . The flow cell is on a 

translation stage, allowing us to vary the position o f the focus w ithin the cell. It is found 

that the m ost intense, stable, and broad light is obtained when one can see the generation 

o f  white light very near the entrance window, about lA to 1 m m  from the window. This 

also creates the m ost diverging beam, which is somewhat o f  a problem . After generation 

and near-collim ation, the continuum  beam m ay be filtered to rem ove the large 800 nm 

pum p com ponent and to select other wavelengths, before passing through a polarizer and
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analyzer gating pair. Slightly uncrossing the analyzer allow s for a small amount o f  

continuum light to proceed to  a scattering screen for spectral m easurem ents. Figure 8.3 

presents the continuum  spectrum  in com parison to the generating 800 nm beam. The 

generated spectrum  is o f  typical asym m etric shape,[7] w ith  the m ajority o f  spectral 

weight present near the generating wavelength, and extending further on the Stokes side 

than the anti-Stokes side. Spectrom eter detection resolution effectively cuts o ff 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 w avelengths. Considerable pump 

depletion takes place, yet the m ajority o f  the outgoing beam  consists o f  undepleted 

800nm light. Typical generating values, w hich adm ittedly change slightly from day to 

day, are as follows: 800 nm generating beam  pow er 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. A t any given wavelength, however, the pow er is small. For example, with the 

aforem entioned generating conditions, the total 634 nm  light present is 300 pW  when 

using an efficient bandpass filter, and only 50 pW  at 700 nm  when using an inefficient 

one. These pow ers are am ple for probing nonlinearities in pum p-probe measurements, 

but are insufficient for use as pump sources.

W hen describing the generating param eters in SCG, it is crucial to detail the input 

powers and focal param eters o f  the beam. Because self-focusing is such an important 

factor in the generation process, slight changes in either the z-position o f  the cell, the 

generating beam  intensity, the generating beam size, or the pu lse’s tem poral width will 

all change the output spectrum  and its intensity. Thus, it is also im portant to maintain 

consistent generating param eters throughout an experim ent. 100 m W  input power and a 

300 mm focal length lens were selected for m oderate (but not strong) white-light 

generation to avoid possible com plications from significant filam enting that may occur 

with intense generating pulses.[23,24]
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90fs pdses

F ig u r e  8 .2 . A schematic o f 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; 7/2: half-wave plate; P ,: polarizers, P2: broadband Glan-laser polarizers; CH: optical chopper; Lj: 
f=300 cm lens; L2: f=4.5 cm achromat doublet lens; L3: f=7.5 cm achromat doublet lens; L4: f=10 cm 
achromat doublet lens; L5: f=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; Sen: screen for 
diffuse spectral reflection; Spctr: Ocean Optics fiber-collected spectrometer; PD: amplified silicon 
photodiode (Thorlabs PDA55).

Continuum spectrum from tern of H O  
Generating beam spectrum J \

0,01

400 500 600 700 800 900 1000

Wavelength (nm)

F ig u r e  8 .3 . Spectra of broadband continuum generated from 10 mm H20  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: A s m entioned above, the w hite-light pulse is created with 

its use for ultrafast broadband spectroscopy in mind. There are a couple o f  w ays in which 

the continuum pulse m ay be used. In the first, the entire continuum  m ay to be used in 

single-shot (spectral, not tem poral) experim ents, thereby utilizing the entire wavelength 

range. The generating process, however, seriously affects the tem poral characteristics o f 

the pulse, and com plicates its use as a single-shot probe. B ecause o f  group velocity 

dispersion (GVD), the continuum  beam displays considerable chirp; that is, different 

wavelengths are spread in tim e within the continuum  pulse envelope. A  chirp will 

seriously im pact tim e-dependent (pum p-probe) m easurem ents w ith a continuum  probe. 

To circum vent th is problem, researchers have introduced serious further GVD, in an 

attem pt 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 o f  ultrafast rainbow  for 

spectroscopic m easurem ents. [21] U ltimately, however, neither o f  these approaches yields 

a satisfactory approach for single-shot w hite-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 m ost w idespread approach to continuum -probe spectroscopy involves 

filtering the spectrum  to various specific narrow -bandw idth or quasi-m onochrom atic 

pulses.[25-27] This approach treats the continuum pulse as a source o f  tunable single

wavelength light, m uch like one w ould an optical param etric generator, but with strong 

advantages: First, unlike when using an OPG, the ultrafast continuum  does not need 

realignm ent/tuning for each w avelength. Second, to  access a w ide range o f  wavelengths 

with an OPG several different crystals must be used, each requiring unique optimized 

alignment. Furtherm ore, even the sm allest OPGs require considerably larger bench space 

than a white-light generating cell or crystal. Thus, a w ell-characterized supercontinuum 

pulse can be a handy source o f  tunable monochrom atic light.

As previously m entioned, the generating process introduces a considerable chirp 

in the continuum  pulse, thereby broadening it in time. For example, our -1 0 0  fs 800 nm 

generating pulse creates a -1 0  ps continuum pulse from 1.0 cm  o f  H2O. Such 

considerable broadening m ay seem to render the continuum  pulse unusable for ultrafast 

(fs) spectroscopy, but th is is not the case. In general, our continuum  pulse may be viewed
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as a train o f  noninteracting bandw idth-lim ited probe pulses.[20,27] Each o f these pulses 

is thought to  have narrow  Gaussian spatial, tem poral, and spectral profiles. With this 

approxim ation, the continuum  pulse m ay be treated as a source o f  tunable ultrafast 

m onochrom atic pulses. Tunability is obtained by narrow -band filtering the spectrum and 

tim e-varying the arrival tim e o f  the pulse to correct for chirp. To confirm  the validity o f 

this approxim ation, we have set up a standard K err gate, and conducted cross-correlation 

m easurem ents betw een a coherent 800 nm pum p pulse and the continuum  pulse.[28-30] 

The experim ental layout is presented in Fig. 8.2. For quantitative optical Kerr 

m easurem ents, it is im portant to have high K err-gate extinction ratios, in order to 

m aintain a strict square dependence on pum p pow er.[28,31] This m ay be somewhat 

difficult to achieve w ith  a broadband pulse, as even the best “broadband” Glan-laser 

polarizers are som ew hat dispersive. Thus, it should be noted that extinction ratios o f  only 

about 300:1 are obtained, and that one orientation o f  the po larizer yields better extinction 

than that 180° rem oved. K err m easurem ents in a ~1 m m -thick glass slide are output to 

both an am plified Si photodiode and to a fiber-coupled spectrom eter for chirp analysis. 

D ata collection from the spectrom eter is not autom ated, so the tim e delay is moved 

m anually for about 50 different stage positions (pump tim e delays) and the spectrum at 

each position is m easured. Figure 8.4 presents this data, w hich represents a spectral view 

o f  the chirp present in the continuum beam. From  Fig. 8.4, the validity o f  treating the 

continuum  pulse as noninteracting bandw idth-lim ited pulses becom es apparent, as at any 

given delay tim e, the gated portion o f  the continuum  follows a typical Gaussian profile. 

All o f  the selected ‘continuum  pulse slices’ appear G aussian, w ith some broadening at 

longer w avelengths. 460 nm pulses are 7 nm w ide (FW HM ), w hile 950 nm pulses are 50 

nm wide. F igure 8.5 presents a more traditional w ay o f  looking at the pulse chirp. Here, 

the pulse w avelength increases with increased pum p pulse delay tim e (top axis), or 

alternatively, w ith pum p delay stage position (bottom  axis). Clearly, white-light 

generation in w ater 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 o f  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 w ith a w hite-light continuum  pulse, it is 

im portant to calibrate signals for this chirp. This is equally  im portant for both the single

shot m easurem ents and for increm ented quasi-m onochrom atic m easurem ents. [20,25,27] 

We fit the m easured 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: K err response from silica glass is know n to have an nearly instantaneous time 

response. Thus obtaining the K err response w ith the entire continuum  probe beam proves 

to be instructive for understanding the difficulties facing single-shot continuum  

spectroscopy. B ecause the probe pulse is considerably chirped, the typically sym m etric 

130 fs FW H M  K err response is replaced w ith an asym m etric drawn out curve that 

follows both the wavelength-dependent m aterial nonlinear response and the photodiode 

spectral response. Since the glass slide should only display ultrafast electronic 

nonlinearities,[28] w e are still operating in the noninteracting bandw idth-lim ited probe 

pulse regime. Thus, the spreading o f  the K err response is prim arily due to the pulse chirp. 

Nonetheless, the intensity o f  the response varies depending on %(3)(cy). Furtherm ore, the 

am plified Si photodiode also has a nonuniform  spectral response which m ust be 

calibrated. F igure 8.6 presents the 800 nm  pum p-full-bandw idth probe and the 800 nm 

pum p-900 nm  filtered probe Kerr responses from a ~1 m m  glass slide. The inset in Figure 

8.6 shows the spectral response o f  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 (FW HM ), response. The full-continuum  response, however, is 

stretched in time, and appears to have a flattened peak profile, that m ay be a tell-tale sign 

o f  group velocity dispersion and pum p-pulse walk-off.[33]

Correcting for photodiode spectral response only provides a m inor correction to 

the raw Kerr signal. A  m uch larger experim ental artifact— and one that proves to be
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considerably m ore problem atic— is the calibration o f  the K err signal to the continuum 

probe’s spectral intensity. F igure 8.7 overlays the photodiode response-corrected 

broadband-probe Kerr signal w ith the chirp-calibrated continuum  spectrum . Hence, the 

spectrum is actually visualized here as light intensity as a function o f  pum p delay time, 

m uch as the K err response is obtained. T he K err response is a nonlinear optical process 

and is thus intensity dependent. For this experim ental setup, the K err response should 

display a linear increase w ith 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, show ing that this calibration 

introduces a far m ore significant m odification to the raw signal. B ecause the continuum 

intensity profile is so sharply peaked at a pum p delay tim e o f  2 ps (or 800 nm)— having a 

large un-depleted generating pulse com ponent— this calibration has a large degree o f  

uncertainty. Small error in delay tim e will cause large artifacts in the corrected signal. In 

the case o f Fig. 8.7, the spectral intensity and K err signal w ere obtained hours apart, and 

m ay 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 m ay simply be 

correction artifacts. Also, it is possible that the spectrom eter was saturating at the peak 

wavelength o f  800 nm, and thus calibration at this range is unreliable.

The fully-calibrated K err signal displayed in Fig. 8.7, seems to show very small 

dispersion o f in glass in the 780-450 nm  range. This, o f  course, assum es that the 

Kerr response is instantaneous at this range. The absorption edge for silica glass is in the 

near-UV range and these m easurem ents are thus far rem oved from resonance; supporting 

the idea o f  a m ildly-dispersive response at the continuum -probe’s spectral range. This 

feature was, perhaps, directly confirm ed in Fig. 8.4, where the spectrum  rem ained scaled 

to the spectrom eter-detected pulse slices from around 750 nm  to 450 nm. Again, the 

sharp downturn in response seen around 800 nm in Fig. 8.7, m ay 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 
PDA55 Si photodiode.
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F ig u r e  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 o f 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 prim ary goal o f  setting up the continuum -generation experim ent is to obtain a tool 

for the tim e-resolved m easurem ent o f  the tw o-photon absorption (TPA) spectra o f  

various samples. U ltim ately, one w ould be able to  use an intense continuum beam for 

both pump and probe arms, and thus have com plete spectral control, allowing for both 

degenerate and non-degenerate m easurem ents. In the context o f  TPA, degenerate 

m easurem ents refer to  the absorption o f  two like-w avelength photons; for example, two 

700 nm  photons to prom ote a 3.5 eV transition. O ne photon w ould com e from the pump 

beam and one from  the probe beam. In a nondegenerate TPA  experim ent, the pum p and 

probe w avelengths are different, allowing for, say, an 800 nm  pum p photon and a 620 nm 

probe photon to be simultaneously absorbed to  prom ote a 3.5 eV transition. 

Theoretically, the probability o f  transition (TPA cross-section) could be considerably 

different for these tw o m echanism s, as each o f  the w avelengths m ay couple differently to 

interm ediate virtual states.[3,34] Thus, nondegenerate TPA  m easurem ents yield more 

com plex TPA spectra, but may also allow for m ore com plete investigation o f the excited- 

state energetics o f  a given sample. W ith our D O K E system, w e are currently set-up to 

conduct non-degenerate TPA m easurem ents only, because our intense pump pulse is 

fixed at 800 nm.

Non-Degenerate Two-Photon Absorption in MPPBT: We have attem pted to measure 

the tim e-resolved nonlinear absorption (NLA) dynam ics in an M PPB T sample at various 

continuum -derived filtered probe wavelengths. Obtaining the precise non-degenerate 

cfr){co\,a)2) 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 w avelengths represents proof-of-principle for illustrating the pow er and 

usefulness o f  the continuum -probe for ultrafast spectroscopy. For nonlinear absorption
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measurem ents, we use A  10 m M  sam ple solution o f  M PPB T in D M SO  in a 1.0 mm path- 

length quartz cuvette. W e conduct a typical transient absorption experim ent: First, the 

pump and probe polarization are set parallel w ith each other, to rem ove any Kerr signal 

(which is typically m easured when the pum p polarization is 45° to the probe). Next, the 

gate is slightly uncrossed, so that a sm all am ount o f  baseline probe light can be detected 

on both the photodiode and spectrom eter, as pictured in Fig. 8.2. The probe signal from 

the photodiode is detected by the lock-in am plifier at the pum p-chopped frequency o f  270 

Hz, thereby allowing for the selective m easurem ent o f  only pum p-induced effects. By 

allowing a small am ount o f  leakage light to pass to  the spectrom eter, we are able to 

m onitor the spectrum o f  the filtered continuum  probe pulse w hile also m aintaining a 

constant intensity o f  probe light incident on the sample. W e fix the am ount o f  leakage 

light, as detected by the spectrom eter by careful attenuation o f  the pre-sam ple probe light. 

Thus, unlike for the Kerr m easurem ents described in the previous (sub)section, there is 

no need for the drastic continuum -chirp-intensity correction in these N L A  m easurements. 

U ltimately, a probe reference detector arm  should be set up for real-tim e pulse intensity 

m onitoring and subsequent calibration. W e conducted m easurem ents at five continuum - 

filtered probe w avelengths; 634 nm, 700 nm, 750 nm, 800 nm, and 850 nm. The raw 

transient absorption signals from M PPB T at w avelengths o f  800 nm, 700 nm, and 634 

nm, are presented in Fig. 8.8a. The m easurem ent at 800 nm essentially represents a 

degenerate TPA m easurem ent, and should conform  to num erous m easurem ents 

conducted on this sam ple with the DOK E setup; providing for an independent calibration 

o f  c/ 2)(8 0 0  nm). A quantitative sum m ary o f  non-degenerate N LA  m easurem ents on 

M PPBT are presented in Table 8.1.
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Table 8.1: A quantitative sum m ary o f  nondegenerate nonlinear absorption m easurements 
on a 10 mM sam ple solution o f  M PPB T in DM SO.

A>robe

(nm)

I (a)A'degen

(nm)

t ' b)

(PS)

F W H M

(fs)

T P A

Signal

(raw)

(a.u)

Signal

(photodiode

response

corrected)

a (2)(c)

(calibrated 

to 800 nm) 

(G M )

a U) (d)

(previous,

degenerate)

(G M )

634 707 None 190 2.7 3.6 931 475 ± 60

700 747 22 ± 10 270 4.5 5.3 1361 930 ± 90

750 774 >5 ps 330 2.4 2.6 670 750 ± 75

800 800 >5 ps 330 2.4 2.5 645 645 ± 80

850 824 Exists 410 1.4 1.4 360 410 ±60

Equivalent w avelength for degenerate TPA m easurem ents
Excited-state absorption (ESA) exponential decay tim es. None: no ESA observed.
Exists: ESA  is present, but decay dynam ics are unresolved.
Photodiode signals have been scaled to give the sam e c/2) values for 800 nm non
degenerate and degenerate m easurem ents. U ncertainty value is considerable and 
as o f  yet unaccounted for.
M ost recent <72) values for M PPBT as measured w ith z-scan.
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There are a num ber o f  factors that com plicate the quantitative assignment o f 

precise c/2,-values from  our nondegenerate pum p-probe experim ents. As described 

previously, photodiode spectral response must be accounted for. This is done as described 

for Fig. 8.6. A ccounting for the different spectral intensities o f  the continuum, as well as 

for the transm ission efficiency o f  the various band-pass filters used to select the probe 

wavelength, can be done pre-m easurem ent, by direct attenuation o f  the probe light before 

it passes through the sam ple. The largest uncertainty, how ever, arises from group velocity 

dispersion (GV D) and pum p-probe pulse w alk -o ff effects.[20,27,33] In a degenerate 

pum p-probe experim ent, such as our DOKE experim ents, the pum p and probe pulses 

have the same w avelength, and thus maintain a constant phase (difference) as they pass 

through the sam ple. For example, at an assigned “pum p delay tim e o f  0 ps”, the pump 

and probe beam  arrive at the entrance surface o f  the sam ple cell at the same time, and 

travel together th roughout the sample. Thus the probe beam  experiences a maximal 

cum ulative cross-phase m odulation. In non-degenerate pum p-probe experiments, the 

simple dispersion in index o f  refraction o f  the sam ple w ill m ake the pump and probe 

pulses travel at d ifferent speeds. Thus, the assigned “pum p delay tim e o f  0 ps” can only 

truly correspond to  a unique tim e and location in the sam ple; the pum p and probe beams 

do not travel w ith a constant phase difference in the sample. The pum p beam will either 

run away from  the probe pulse or will lag behind. This effect necessarily leads to 

dim inished cross-phase m odulation and a decrease in any nonlinear optical signal, 

including TPA action .[35] We estim ate that in a 1 m m  path-length dilute sample in 

DM SO, the tim e lag m ay be as large as 30 fs. Z iolek et al. estim ate a lag as large as 100 

fs for a 400 nm pum p-600 nm probe experim ent in 1.0 m m  o f  w ater.[33] For Gaussian 

pulse cross-correlation, this m ay lead to a considerable decrease in integrated signal.[27] 

Simple G V D -affected pulse w alk-off can create considerable changes to both the 

intensity o f  light transm itted and to the m easured tem poral response in a transient 

absorption experim ent. Considerable GVD can broaden, flatten, and shift the detected 

NLO response to  longer tim es.[27] Thus, GVD m ust be corrected for, even for 

rudim entary com parisons o f  our non-degenerate tw o-photon absorption signals. Ziolek et
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al. have derived and provided expressions for universal GVD correction for femtosecond 

pum p-probe experim ents assum ing that the laser beam  param eters are known, that the 

beam chirp is well m apped out, and that one know s the linear dispersion o f  their optically 

active m aterial.[33]

The dispersion in the nonlinear optical index o f  refraction also introduces pulse 

w alk-off issues, but is expected to be orders o f  m agnitude sm aller than linear GVD. [20]

Setting aside GVD correction, there are o ther direct issues that im pact the 

com parison o f  degenerate and non-degenerate TPA  cross-sections. The complete sum- 

over-states description o f  two-photon absorption accounts for the use o f  many (all) states 

to act as virtual states for interm ediate transitions.[34,36-38] Thus, the coupling between 

any one photon and a virtual state w ill intim ately involve the photon energy. For 

degenerate TPA, both photons are o f  the sam e energy. However, for non-degenerate 

TPA, each photon has a unique energy that m ay be differently resonant with various 

levels. Thus, tw o-photon absorption action is not expected to be the same between, say, a 

700 nm  pum p-probe experim ent and a 620 nm pum p-800  nm probe experiment. In fact, 

non-degenerate TPA spectra are best com pared betw een experim ents with the same pum p 

wavelength. On the other hand, assum ing that for these continuum -probe m easurem ents 

the pump and probe w avelengths are sufficiently close as to yield roughly the same trends 

as those for degenerate m easurem ents at the average energy, we can see that the 

m easurem ents o f  TPA from M PPBT roughly follow  previously established trends in 

degenerate <P\co). The nondegenerate cP\co) values given in Table 8.1 follow the same 

trends as the degenerate values, with the exception o f  the 800 nm pum p-634 nm probe 

trial. The 700 nm probe experim ent yields the largest TPA, and is com pared w ith a 

degenerate w avelength o f 747 nm. The 850 nm probe experim ent yields the lowest TPA, 

and is com pared with a degenerate w avelength o f  824 nm. It is, perhaps, not surprising 

that the 634 nm probe experiments deviate the m ost from their degenerate analogues 

since GVD effects (and sum -over-states detuning conditions) w ould be largest for the 

greatest pum p-probe mismatch.

159

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



C h a p t e r  8 : E s t a b l i s h i n g  a  W h i t e - L i g h t  P r o b e  S e t u p

E xcited -S tate  A b so rp tio n  D ynam ics: In addition to dem onstrating the ability to

m easure the u ltrafast non-degenerate TPA  response o f  an organic sam ple, w e are also 

able to m easure the TPA -accessed excited-state absorption dynam ics o f  the samples. An 

example o f  this is shown in Fig. 8.8b for M PPB T probed at 700 nm. Here, w e measure 

absorption o f  700 nm probe light after initial excitation by an intense 800 nm  pump 

beam. Similar m easurem ents w ith  the D O K E setup have show n M PPBT to re-absorb 800 

nm light after initial TPA  at the same pum p wavelength. D O K E m easurem ents have 

shown this excited-state absorption to decay exponentially, w ith  a decay tim e o f  30±2 ps 

(see Chaper 2). Sim ilarly, in the continuum -filtered probe experim ent, excited state 

absorption is detected. The 700 nm probe ESA  shows a decay rate o f  w ith a rate o f  22±10 

ps, as shown in Fig. 8.8b. The large uncertainty is due to noise, w hich m ay be preventing 

the extraction o f  longer decay tim es in the 800 nm  and 750 nm  probe responses. Thus, the 

continuum -probe dynam ics are in good agreem ent w ith our D O K E results, and 

demonstrate that the w hite-light setup can be used for further m easurem ents o f  excited- 

state absorption processes in m aterials o f  interest. In addition, m ost o f  the calibration 

issues that h inder the analysis o f  instantaneous tw o-photon absorption do not impact 

longer-lived excited-state absorption dynam ics. For example, a pulse w alk-off o f  100 fs, 

that may seriously affect TPA m easurem ents, does not drastically change the 22 ps decay 

rate o f ESA in M PPBT. Furtherm ore, if  one is interested in decay dynam ics, the exact 

intensity o f  the signal is o f  secondary concern, and thus other calibrations, such as the 

photodiode’s spectral response, becom e irrelevant. The pow er o f  this technique is 

immediately evident by the stark difference in ESA dynam ics as M PPBT is probed with 

various w avelengths. W hile 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 m ultitude o f  energy 

levels above the TPA  access state, one o f  w hich should be sufficiently resonant as to 

allow for absorption o f  2.0 eY. Clearly, m easurem ents o f  the non-degenerate absorption 

dynamics o f  organic m aterials can probe new  phenom ena that are inaccessible by typical 

degenerate pum p-probe techniques. W ithin this framework, an H2O generated continuum 

is a great source for broadband probe light.

160

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



C h a p t e r  8 : E s t a b l i s h i n g  a  W h i t e - L i g h t  P r o b e  S e t u p

5.0 —i

700 nm 
800 nm 
634 nm

<• • k  % . v  J

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Probe delay time (ps)

22 ps
sL- !L"
H  §0.01

JO

exp

700 nm

1E-3
0 10 20 30 40 50

Probe delay time (ps)
Figure 8.8: Non-degenerate transient absorption measurements o f MPPBT at three continuum-filtered 
probe wavelengths, (a) On-peak two-photon absorption is measured while long decay tails represent 
excited state absorption o f 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 o f the excited-state absorption at a probe wavelength of 700 nm, showing a best-fit o f 22 ±10 ps 
mono-exponential decay past 1 ps probe delay time.
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CHAPTER 9:
Su m m a r y  a n d  F u t u r e  W o r k

M aterials w ith  large ultrafast third-order optical nonlinearities are desireable for a 

variety o f  technological applications. Traditionally, m aterials w ith large birefringent 

(Kerr-like) and negligible absorptive (two-photon, for exam ple) nonlinearities have been 

sought for all-optical switching applications.[l] Recently, however, two-photon 

absorption (TPA) has em erged as a technological process o f  interest in its own right, and 

has sparked considerable interest tow ards finding m aterials w ith large nonlinear 

absorption activity .[2] The birefringent and absorptive nonlinearities correspond to the 

real and im aginary com ponents o f  the com plex third-order susceptibility, x<3)- M any 

com m only-used nonlinear optics (NLO) techniques, such as hom odyne Kerr gates, third- 

harmonic generation (THG), tw o-photon excitation fluorescence (TPEF) and single-beam 

attenuation, can only m easure either the birefringent or absorptive nonlinear component. 

For the com plete analysis o f  third-order optical nonlinearities, there is need for simple 

techniques that can obtain both the real and im aginary com ponents o f  y (3)- Furthermore, 

the incorporation o f  femtosecond tim e-resolution is desirable for the study o f  %(3) (and 

higher order[3,4]) dynamics. We have designed an ultrafast differential optical Kerr 

effect (DO KE) detection technique to be able to tim e-resolve both the real and imaginary 

optical nonlinearities o f  various sam ple systems. We have previously outlined the 

developm ent and use o f  the DOKE technique for studying the K err nonlinearities in 

organic com pounds.[5] In the current work, we have further outlined the extension o f 

DOKE to the m easurem ent o f  TPA and TPA-accessed excited-state absorption dynam ics 

in a variety o f  organic samples. W hile all m aterials possess third-order nonlinearities, 

organic com pounds w ith extended conjugation paths (an alternation o f single and 

m ultiple bonds) are at the forefront o f  ultrafast N LO  research due to their large electronic
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nonlinearities. Organic com pounds, however, provide an im m ense versatility o f  design. 

Thus, the engineering o f  com pounds suitable for use in technological applications will 

require specific know ledge o f  structure-property relationships.[6,7] Towards this end, 

among others, we have studied the nonlinear optical properties o f  several classes o f 

organic com pounds w ith a variety o f  conjugation schemes.

We have used the DOK E technique at 800 nm  to study both the birefringent 

nonlinearities and tw o-photon absorption o f  a class o f  sp-hybridized polyyne oligomers. 

We have found pow er-law  trends in both the decreasing absorption energy and increasing 

third-order m olecular hyperpolarizability, y, as a function o f  o ligom er length (and hence, 

conjugation length). N either trend shows any signs o f  the onset o f  saturation by the size 

o f  the longest oligom er (decayne; 20 consecutive carbons). T he largest polyyne 

investigated, TIPS-lO yne, yields the largest hyperpolarizability o f  y=650x] 0"36 esu. The 

hyperpolarizability increases w ith the num ber o f  repeat units n according to y~»4 3, which 

is the largest exponent reported for any quasi-one-dim ensional conjugated compound. 

This finding is contrary to all reported theoretical findings, w hich predict poly(yne) 

power-law exponents to be lower than those o f  pol(eyne)s and/or poly(enyne)s. Our 

reported polyyne pow er-law  trend in y, com bined w ith that o f  the absorption energy, 

compares extrem ely w ell w ith recent theoretical predictions regarding the linear and 

nonlinear optical behaviour o f  strictly 1-D systems. Thus, polyynes, w hich are extrem ely 

linear geom etrically, are also so optically and electronically. W e have further shown that 

the optical nonlinearities can be increased considerably by end-capping the polyynes with 

phenyl groups— w ithout detrim ental changes in the pow er-law  trends. Furthermore, 800 

nm studies o f  tw o-photon absorption in polyynes has suggested a reversal o f  standard 

chromophore energy-level ordering, indicating a tw o-photon accessible, one-photon 

forbidden, level below  the lowest one-photon allow ed level.

We have extensively studied the third-order nonlinear optical properties o f  two- 

dim ensionally conjugated cruciform  donor/acceptor-substituted tetrakis(phenyl- 

ethynyl)benzenes (TPEBs). We have utilized an ultrafast z-scan technique to m easure the 

TPA spectra from 580nm -1150nm . We used DOK E detection at 800 nm to probe the 

dynam ics o f  both the real and im aginary parts o f  the third-order nonlinear response. We 

also used 400 nm pum p-800 nm probe transient absorption m easurem ents to further study 

the absorption dynam ics in these com pounds. In one species, T D -T P E B , all four arms
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are donor-term inated. The other three m olecules form a set o f  structural isomers in which 

the conjugated arm s are term inated w ith tw o acceptors and tw o donors. These 

compounds are nam ed according to the respective donor-arm  linkages across the central 

benzene ring; form ing ortho-T P E B , meta-T P E B  and para-T P E B . T D -T P E B  and para- 

T P E B  are both quadrupolar, and therefore lack perm anent dipole m om ents, ortho-T PE B  

and meta-T P E B  are dipolar. From  the z-scan m easurem ents, we find that the all-donor 

sample shows the highest peak TPA cross section, w ith  c /2) =  520±30 GM at a 

wavelength o f  710 nm . The total energy o f  transition at the TPA  peak is significantly 

blue-shifted w ith  respect to  the low est one-photon transitions, as seen from the UV-vis 

spectrum. The dipolar sam ples ojT/jo-TPEB and meta-T P E B  display sim ilar TPA spectra 

that closely follow  the low est one-photon absorption (in to tal photon energy), as would 

be expected in dipolar m olecules. w ieta-TPEB and 0 /T/10-T P E B  yield cf2) = 440±20 GM 

at 940 nm, and 400±20 G M  at 860 nm, respectively. L ike T D -T P E B , para-T PE B  is 

quadrupolar, and thus show s a blue-shifted TPA spectrum. This sam ple, however, yields 

the lowest overall cross-section m axim um , w ith o® =240±20 G M  at 750 nm— nearly half 

that o f  the other TPEB samples. These findings help to support the growing belief that 

adding m ultiple donor groups at the end o f  conjugated paths significantly increases TPA 

activity as com pared to  adding both donors and acceptors. Furtherm ore, comparisons 

between our dipolar and quadrupolar D /A  m olecules show s that in the case o f  TPEBs, the 

dipolar m o tif yields higher c/2) than a quadrupolar substitution symmetry. This is 

probably due to a lack o f  the desirable para-conjugated  D ->A  routes in the quadrupolar 

species. Pum p-probe m easurem ents show that all o f  the T PEB s display both excited-state 

absorption and excited-state birefringence at 800 nm. W ith the exception o f  TD -TPEB , 

the three isom ers show a clear 1-5 ps decay tim e from the tw o-photon state to the excited- 

state from w hich subsequent 800 nm probe-beam  absorption takes place. Absorption 

from this excited-state is then seen to decay exponentially, w ith 20-40 ps tim e scales. The 

decay times observed in both the birefringent and dichroic signals are similar. 

Furtherm ore, these decay rates are consistent with those observed from one-photon 

pumped transient absorption m easurem ents, indicating that the sam e excited-state 

dominates in sam ples pum ped by either two-photon- or one-photon-absorption. Excited- 

state absorption is also present in T D -T PE B , and is seen to decay w ith a much longer 

time constant o f  ~300 ps. In 800 nm DOKE studies o f  the real com ponent o f  the 

nonlinearity, its sign was found to correlate to the spectral position o f  the two-photon
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resonance, w ith /weta-TPEB and o/T/io-TPEB displaying negative electronic 

nonlinearities, para-TPEB displaying negligible nonlinearities, and TD-TPEB showing a 

positive y-value. W e have shown that TPEBs are excellent tw o-dim ensionally-conjugated 

systems for investigating both the effects o f  polar/m ultipolar geom etry and donor- 

acceptor substitution patterns on nonlinear optical properties. W e have shown that it is 

not generally true that quadrupolar geom etry is superior to  dipolar geometry for 

m axim izing TPA. Furtherm ore, we have shown that the nonlinear optical activity o f 

m olecules w ith a central benzene core are dependent on the specifics o f  their structural 

design, w herein small changes within our series o f  TPEB isom ers lead to significant 

differences in their K err and nonlinear absorption response.

We investigated the third-order N LO  and nonlinear-absorption properties o f a bis- 

fullerene-term inated conjugated oligom er using the D O K E detection technique. The 

measured third-order nonlinear-optical coefficients for quadrupolar fiillerene derivative 

C60-quad-5OPE are approxim ately double those o f  its O PE precursor quad-50PE at 

800 nm, w hile nonlinearities for pristine C6o are negligible. C60-quad-5OPE displays 

significant tw o-photon absorption at 800 nm, w ith c/2,=140±40 GM, compared with 

c/ 2)= 6 5 ± 1 0  GM  and r / 2)=28±8 GM  for quad-50PE and a meta-linked octupolar 

copm pound oct-50PE , respectively. The m olecular second-hyperpolarizability at 800 nm 

is also non-negligible for these com pounds, ranging as high as (1 0 ± 3 )x l0 '34 esu for C6o- 

quad-50PE. W hereas the doubling o f  y and c/2) in C60-quad-5OPE could typically be 

explained by increases in conjugation length com m ensurate w ith a significant red-shifting 

o f  Tmax, no such shift is observed in the absorption spectra in going from quad-50PE to 

C60-quad-5OPE. Therefore, the differences in optical nonlinearities between the pure 

OPEs and the O PE-fullerene hybrids suggest a synergistic interaction between the 

conjugated OPE backbone and term inal fullerenes. Evidence for charge transfer from the 

conjugated backbone to the term inal fullerenes is further supported by the com parisons o f 

the excited-state absorption dynam ics o f  the com pounds. W hereas both o f  the pure OPE 

fram eworks display sim ilar excited-state absorption, end-capping w ith fullerene (in C6o- 

quad-50PE) yields a com pound that only displays instantaneous tw o-photon absorption. 

Finally, this fullerene-term inated OPE displays sizable y- and <x2)-values that are 

consistent w ith other Ceo derivatives reported in the literature. Thus, our findings are 

potentially instructive to guiding the m olecular design and engineering o f  organic-based 

electronic and nonlinear optical materials.

168

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



C h a p t e r  9 : S u m m a r y  a n d  F u t u r e  W o r k

We have studied the structural, optical, and nonlinear optical properties o f  per- 

phenylated cross-conjugated Ao - po 1 y di acety 1 e n e oligom ers, w ith up to  n= \5  repeat units. 

Their electronic absorption behavior indicates an effective conjugation length o f 

approxim ately n ~ l-9 . The A o-P D A  oligom ers show steadily increasing fluorescence 

intensity as a function o f  chain length, and the em ission w avelength red-shifts slightly 

from the dimer to the heptam er. B eyond the length o f  the heptam er, the em ission energy 

remains essentially constant. T he third-order N L O  properties o f  the A o-PD A s were 

studied by the DOK E technique at a w avelength o f  800 nm. the Ao-PDA oligomers 

display a super-linear increase in y-value as a function o f  chain length. The best fit to the 

NLO data shows tw o linear regim es, suggesting an increased order in the system , likely 

due to helical folding. W hile w e have not established definitive p roo f o f  a folded 

conform ation for extended A o-PD A s, em pirical evidence o f  this conform ational presence 

is provided by m olecular m odeling studies as w ell as U V /V is and N LO  spectroscopy. 

The superlinear increase in y  as a function o f  oligom er length is the first o f  its kind 

reported for (through-carbon) cross-conjugated systems. C om pared with the y-values 

obtained from the polyynes, the Ao-PDA oligom ers are relatively poor N LO  materials. 

The 15-repeat-unit A o-PD A -15 show ed the largest nonlinearity, w ith y ~ 3 10x10"36 esu. 

This nonlinearity is only h a lf  as large as in the n-TO polyyne 77PS-10yne, yet the Ao- 

PDA is approxim ately 10 tim es as heavy

Finally, in an effort to  extend the w avelength capability o f  our D O K E technique 

beyond the single w avelength o f  800 nm, w e have conducted prelim inary research into 

establishing an 800 nm  pum p-w hite-light probe layout. The use o f  a stable 450-1100 nm 

supercontinuum  beam  generated from a 10 mm path-length w ater flow-cell has been 

shown for ultrafast pum p-probe m easurem ents o f  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'. O ther issues, 

such as (linear and nonlinear) the effects o f  group velocity dispersion on pum p-probe 

tem poral w alk-off rem ain to be properly addressed. Ultimately, this experim ental setup 

will be used to probe the nondegenerate two-photon absorption spectra o f  organic 

chromophores. Our prelim inary results on the nondegenerate TPA response o f  M PPBT 

are quite promising.
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M uch o f  the w ork  presented in this thesis has already been either published or 

submitted for publication. There are, however, several unresolved issues and avenues o f 

research that should be explored in the near future: First, w e are w orking to obtain the 

two-photon spectra o f  extended polyyne oligomers. O ur prelim inary  TPA findings on 

these com pounds suggest that the longer polyynes show a reversal o f  standard level- 

symmetry ordering. It w ould be very interesting to  investigate this issue further, and to 

establish the polyyne size at w hich this cross-over occurs. These results w ould speak 

directly to previous studies o f  this effect in polyenic system s, [8] further strengthening our 

optical com parisons betw een the tw o oligom er classes. Furtherm ore, even at a strongly 

detuned w avelength o f  800 nm the longer polyynes show m oderate TPA cross-sections. 

These values are bound to  increase w ith decreased detuning, and m ay display very large 

double-resonance enhancem ent as the one-photon energy is approached. In this way, the 

fairly sharp absorption edge o f  the TIPS -P Y  species m ay be u tilized to give large TPA 

action while retaining relatively good one-photon transparency.

A second issue that rem ains to  be address in the future is the proper w ay to 

analyze the absorption energy as a function o f  oligom er length. Through our polyyne 

work, we have show n that these com pounds follow a pow er-law  decrease in absorption 

energy edge as a function o f  repeat unit, with an exponent o f  c=-0.38. W hile it has been 

traditionally com m on to fit this trend to a c=-0.5 or a c= -1 behavior, Bubeck et al. have 

suggested, [9] and we have confirmed, that a free fit to a pow er-law  provides far superior 

agreement with experim ental data. W e have re-analyzed (re-plotted) the absorption 

behavior o f  several previously reported polyynes, and find that m ost oligoynes follow a 

strict power law behavior with little or no saturation. W e further find these com pounds to 

fall into tw o distinct groups: those that display a c~-0.48 (very close to  0.5) exponent and 

those that follow  a c~-0.37 exponent. We plan to explore these curious prelim inary 

findings in the future.

A  third avenue for future w ork should involve the developm ent o f  the 800 nm- 

pum p-supercontinuum -probe technique for studying the nondegenerate two-photon 

absorption activity o f  various samples. Ideally, a way to conduct single-shot experim ent 

will be developed. Such an advancem ent would see im m ediate and em phatic im pact in 

the NLO spectroscopy community.
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APPENDIXA:
Tw o -P h o t o n  A b s o r p t io n  a s  a  T h ir d -O r d e r  
N o n l in e a r  P h e n o m e n a

In this appendix, the relationship betw een various coefficients used to describe third- 

order nonlinearities is presented. In particular, the m athem atical description o f  two- 

photon absorption is introduced through analogy to  linear absorption, showing how it 

relates to the com plex (nonlinear) index o f  refraction. B ecause the D O K E technique is 

used to obtain the real com ponent o f  the third-order susceptibility in addition to the 

imaginary (absorptive) com ponent, the relationships betw een coefficients that are used to 

describe the K err nonlinearities and TPA are presented.

Deviations from  linear optical behavior are observed w hen intense laser light is 

incident on a dielectric. Second-order nonlinearities are absent in sym m etric and isotropic 

system s.[l] Furtherm ore, second-order effects give rise to  optical responses at either 

twice the incident frequency (second-harm onic generation, for exam ple), or m anifest as a 

zero-frequency com ponent know n as optical rectification.[2] Third-order nonlinearities 

can yield optical responses at higher frequencies (i.e. third-harm onic generation) or they 

can m odify the outgoing signal at the incident frequency. Thus, third-order nonlinearities 

may be detected by m onitoring the sample response at the original frequency, <u[3] One 

m anifestation o f  this nonlinear response is the m odification o f  the dielectric index o f 

refraction, r\(co).

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

Tjl(o)) = £(a)) = \ + x {{)(.o), A .l

where s  is the dielectric constant and )A \co)  is the first-order optical susceptibility; 

usually referred to as %(a>). The index o f  refraction is a com plex quantity;

173

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



A p p e n d i x  A: TPA a s  a  T h i r d - O r d e r  N L O  P h e n o m e n a

r/0(co) = n(co) + iK(co), A.2

Where n is the real com ponent o f  the index o f  refraction and k  is the imaginary 

com ponent that gives rise to the absorption coefficient, a(a>), through

Q
K(cci) -  —  a(co). A .3

2 co

In this case, a  is sim ply the B eer’s-law absorption coefficient that describes beam 

attenuation according to

I  = , A.4

where L is the optical path length, and To and I  are the incident and transm itted optical 

intensities, respectively. Through third-order optical nonlinearities, the index o f  refraction 

is m odified to becom e intensity dependent:[3,4]

ri(co) = ri0(a)) + Ti1((o )I. A.5

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

intensity. Squaring Eqn. A.5:

Ti2 (co) = {?j0{(o) + ri2 (cQ )l)2

= n l  O )  + 2 i®)1 + n l  (^ ) / 2 . A -6

= ril(co) + 2ria{cQ)ri2(co)I

to first order in 772. This approxim ation will typically hold, given the fact that for standard 

NLO response and intensities, 772T < 0 .01 7 o - [ 5 ]  In analogy to Eqn. A. 1 ,[3]
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?72(©) = 1 + Xeff((o)

= 1 + %m (ka>) + - -----^— — x (3)(-co \co -o ),a )I  A.7
2 c s 0n0(co)

3

= + x  r r  T (3) (-® ; eo-ca, to)I
2c s 0n0(®)

where so is the perm ittivity o f  free-space, c is the speed o f  light, I  is the incident light 

intensity and ^ 3\-o);a),-co,(o) is the degenerate third-order susceptibility; a fourth-rank 

tensor. [4] It m ay be noted that in the case o f  third-harm onic generation, a m odified 

susceptibility is accessed, nam ely ^\3a>;ct),a),co).[l] The nonlinear index o f  refraction 

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

3

7 2 O )  -  7o (®) =  -T T  T <3) (-® ; ® ® ) 7 = 27o 0 ) 7 2 O ) 7 A -7
2 ce0n0(ffl)

and

3

7 2 O )  =   T P) ( - » ;  ® -®»®) ■ A.8
4 c^0«0 (fl>)

The value 772(0 ) is the nonlinear index o f  refraction that gives rise to both the optical Kerr 

effect and two-photon absorption. Like the linear index o f  refraction, the nonlinear index 

is a com plex quantity that m ay be given by,

rj2{o)) = n2{co) + iK2{co) , A.9

in analogy to Eqn. A.2. Here, the nonlinear index o f  refraction is proportional to the real 

com ponent o f  the third-order susceptibility, and m ay be obtained (trivially) from Eqn.

A.8;
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n 2 (a)) = ~----- -j", s R e [^f( 3 ) co-co,co) \ , A. 10
4c s 0n0 (co)

and the change in the (real) index o f  refraction is proportional to both // 3) and light 

intensity via,

An = n2(co)I = - ----- - R e [zQ)(-co;co,-co,co)]l; A. 11
4c s 0n0 (co)

defining the optical K err effect.[4]

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

coefficient em erges as a third-order nonlinearity via,

k 2(co) = -  3 Im [y (3) (-co; co-co, co)} = ^ - a (2) (co) ; A.12
4c s 0n0 (co) 2co

and

a (2)(ao) = lm [z{3)(-oo;co-co,co)], A.13
2c s 0n0 (co)

where K2(co) (unlike the unitless k(co) ) has units o f  m2/W . This absorption coefficient 

describes intensity-dependent absorption as intense light propagates through a dielectric. 

Beam depletion in the presence o f  TPA  is given by

—  = - c d  -  cc{2)I 2. A .14
dl

Note that in the absence o f  TPA, this reduces to B eer’s law (Eqn. A .4). Thus, a (2) (with 

units o f  m/W ) is analogous to a  (in units o f  m '1). Im plication o f  Eqn. A. 14 to  the direct 

m easurem ent o f  TPA are expanded on in Chapter 3.
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m_ and cl2) are bulk properties. In order to  describe structure-property

relationships, the intrinsic NLO response o f  individual m olecules needs to be described. 

To do this, m icroscopic— or m olecular— coefficients are used m ost often. For 

birefringent nonlinearities, y  is m ost often used .[2] This, the second hyperpolarizability 

(or alternatively the “ second m olecular hyperpolarizability” , or “third-order 

hyperpolarizability”) scales «2 by the m olecular num ber density and local field factors, 

such that

Lorentz field factor that accounts for the optical field in the (dielectric) vicinity o f  the 

m olecules (Z=(«2+2)/3) and N c is the m olecular concentration, y  is typically reported in

For absorptive nonlinearities, the TPA cross-section, c/2\a>), is the m ost commonly 

reported coefficient, w here

A .15

where <y> is the rotationally-averaged second m olecular hyperpolarizability ,[2] Z4 is the

esu units, w here ^  is also in esu units and N c is in cm '3.

a m {co) = — a ^{co )  
N c

A.16

and is further related to  ^ 3> by

-C O ’, cq, - co, co')], [6] A .17

where cP\co) is typically reported in units o f  cn A s-p h o to n '1-m olecule '1 or Goppert- 

M ayers, GM  (1 GM  = 10'50 cm4-s-photon '1-m olecule '1).
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APPENDIXB:
C o n c e r n in g  DOKE P o l a r i z a t i o n  C o n d i t io n s

In a previous work, we used Jones m atrix notation to derive the standard DOKE 

equations; nam ely, Eqns. 2.1 and 2.3.[1] Third-order nonlinearities induce a complex 

phase delay in the probe beam, given by </> = </)'+i(f>". A  linearly polarized pump beam 

will induce a d ifferent 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 betw een the tw o polarizations. 

Hence, <j> is com posed o f  (j>x and <j>y. By defining </>x as the com m on phase, we describe the 

nonlinearities in term s o f  the induced phase difference, A<f>xy — <j> -  <j)x . These quantities 

remain com plex, w ith the real com ponent providing birefringent-induced polarization 

changes and the im aginary com ponent providing dichroic polarization changes.

Some o f  the abbreviations used in the following treatm ent are found in Table B .l. 

Note that brackets after a m atrix symbol denote angle o f  alignm ent or the angle o f 

pumping polarization. For example, A/4(45) represents a quarter-w ave plate oriented with 

the fast axis at 45° to the horizontal; while S(90) represents a sam ple pumped with a 

vertically polarised pump beam. All angles are w ith respect to the horizontal, where 

positive angles denote counter-clockw ise rotation when looking along the beam 

propagation direction.
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Table B .l:  Some sym bols and m atrix representations for various optical elements.

Symbol Description Matrix Notes

Representation

Q uarter-W ave
Z/4(45)

Plate

i 0 Fast axis aligned 45 degrees 

0 1J to horizontal

P Polarizer
0 A llow s only, y (vertical 

J light) through

Differential
r Separates the horizontal from 

DA A nalyser [1 lj
the vertical light.

(W ollaston Prism)

S Sample e'*'
1 0 

0 e ,L**

Sam ple is a retarder, 

allow ing a relative phase 

retardation between the x  and 

y  polarized light

1
R(45) R otation M atrix - j^

“1 - l l
j  ̂ R otation o f  45 degrees

cos 5  -  sin S  
R(5) R otation M atrix . „

[ s in d  cos A
General rotation matrix
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B.l Position-Dependence of the Probe Quarter-Wave Plate

As m entioned in §2.2, D O K E detection em ploys a quarter-w ave plate in the probe 

arm, which is set to circularize the probe polarization; a  practice sim ilar to that used in 

free-space electro-optic sam pling.[2,3] How ever, the differential detection schemes 

em ployed in free-space electro-optic sam pling experim ents routinely place the quarter- 

wave plate after the sam ple (or equivalent position), w hereas the DOK E technique 

always utilizes the quarter-w ave 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 o f  this optical com ponent, for proper detection in the dichroic 

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

sample.

The First Birefringent DOKE Condition With the Quarter-W ave Plate Before the 

Sample: This experim ental setup involves pum ping the sam ple at 45° to the horizontal. 

Furtherm ore, the probe is circularly polarized with a quarter-w ave plate with its long axis 

is oriented at 45° to the at-present vertically polarized probe beam. Such an arrangem ent 

is described by P(90)->,/4(45)-S(45)-DA(0). In this case, the detector signal m atrix is 

given by

D = - e "  
2

'  1 1" 1 0 1 0 1 -1 0

- 1  1 1
<O

i 0 i 1 1 1
B .l

[ D l
= - e ‘*‘D  =

X

? y _ 2
- 1  +  ie ‘A*» 

1 +  ie ,* »
B.2

Separating the x  and y  com ponents w ith a (W ollaston) differential polarizer yields,

181

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



A p p e n d i x  B :  C o n c e r n i n g  D O K E  P o l a r i z a t i o n  C o n d i t i o n s

V 24
A  \

il + ie -  e Txy + e

1 -r£ L n .2 A x' „“A«C , „~2A«C j= (1 -  2 r  sin A + e

= —e 2̂ (l + e 2Â j + — g ^ s i n A ^ e

7 = 7 )7 )
A  y  y  4

= I e^ ( l _ / e-'AA ^ A  , ,-Ae ■ + /e -e v +e

= - e ~ 2*: (l + i e ^  (-  )+  e 2^ )

1  = I e -2A (i + e“2Â )_  I e - 2̂ e- ^ ;  sin A ^ v 
4 v ! 2

/  +7  = - e “2̂ (l + e"2Â ) = - e " A<4;e ^ : (eA<s;'+ e " Â ) = e  *"e 
* y 2 x > 2  x '

I x —I  = e *e~ v s inA $

A ~ A  _ sin A A

A  + A  cosh A A,

Differential detection yields the sim plified expression in Eqn. B.5. Ii 

absorptive term s, A ^y = 0, and the first DOKE condition reduces to

7* sin A 4 * A 4
A + A
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for small typical nonlinear response sizes.

The First Dichroic DOKE Condition—  W ith the Quarter-Wave Plate Before the 

Sample: In the case o f  tw o-photon absorption term s, £s.<j>xy ^0  and there is a need to 

separate the im aginary com ponents from the real ones in Eqn. B.5. To accomplish this, 

the polarization o f  the pum p m ay be rotated so that it is parallel to the initial polarisation 

the probe. N ow , the arrangem ent is described by P(90)-/V4(45)~S(90)-DA(0). The 

detector signal m atrix  is given by

D  = —e' 
2

1

0 e

0
B.7

D  =
~d ; 1 „ - 1  + i

D y_
= —e x 

2

---1
<+<

i
B.8

Separating the x and y  com ponents with a (W ollaston) differential polarizer yields,

I , = d , d :  =  i,-* ( - 1+ iX-1-/)=i<r* (l + 1 -1 +1)
I  -

2

B.9

1  - 2  = — e 
4

= - e ~ 2 
4

2e

\e ■’ )

r x y  ' ^ Y x y + ie * * -  le * * + e

1 - 2 d '  ~ 2& < j> '= — e xe
2

B.10

I _ /  =l e-rt 
-1 y 2 2 2 v

= e~2̂ e~Alfxy sinh

B .l 1
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./ =I e- ^ + I e- ^ e-2Â  = i e

= e ^ 'e  k<t>v cosh A^;xy

—-----  = tanh A A,
I  +1 }x y

B.13

Clearly, i f  there are no absorptive term s, this expression is zero, as is intuitively expected 

from a sam ple pum ped with light polarised parallel to the probe beam. Since this 

expression only has A Ay term s, it m ay be used together w ith Eqn. B.5 to extract the real 

com ponent o f  the nonlinearity. Thus, the prescribed DOKE detection technique leads to 

simple expressions in the phase retardation and allow s for easy separation o f  the real and 

imaginary terms.

The First Birefringent DOKE Condition— With the Quarter-Wave Plate After the 

Sample: Such an arrangem ent is described by P(90)-S(45)-Z/4(45)-DA(0). In this case, 

the detector signal m atrix is given by

" 1 f ‘1 0" '1 0 '1 - 1" "o'

- 1  1 0 i_ I o >
1 1 1 1

D = = —e'^
Dy_ 2

- t  + ie 

1 + iet*»
B.15

This is exactly the same as Eqn. B.2. Thus, the position o f  the quarter-w ave plate relative 

to the sample is immaterial for the birefringent DOK E condition. This, however, is not 

the case for the dichroic DOK E condition.
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The First Dichroic DOKE Condition— With the Quarter-W ave Plate After the 

Sample: This arrangem ent is described by P(90)-S(90)A /4(45)-D A (0). In this case, the 

detector signal m atrix  is given by

1 ,, 1 l 1 0 1 - 1 1 0 ro i£1 <N - l  l 0 i 1 1 0 e ' ^ i

D =
~DX~

= - e 1*'
- 1  + i

D y_ 2 1 + i

Separating the x  and y  com ponents w ith a (W ollaston) differential polarizer yields,

I x = DxD'x = ± e -2*: ( - l  + i X - \ - i y

= I e- 2< V 2AA 
2

B.18

= L e- 2̂ e~2Â  
2

B.19

v L  =

and so,

L - I ,
■ =  0 B.20

Thus, DOKE detection would prove useless for the dichroic detection o f  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  treatm ent has also been tested  in the lab on sam ples o f  M PPBT in 

D M SO , as show n in Fig. B .l .  This figure presents six tem poral D O K E traces w ith  the 

tw o aforem entioned polarization conditions, as the position  o f  the probe quarter-w ave 

plate is varied: A s expected, the K err response— obtained from  the birefringent D O K E 

polarization condition— is insensitive to the position  o f  the quarter-w ave plate relative to 

the sam ple, and the tw o responses are identical. Furtherm ore, as predicted, the nonlinear 

absorption (N LA ) response— obtained from  the d ichroic D O K E polarization condition—  

is w ell-resolved w hen the probe quarter-w ave plate is p laced  before the sam ple, but is 

nullified w hen it is p laced  after the sample. A s confirm ation, this response is seen to  

follow  that o f  the pure solvent response— w hich w ould  no t be expected to have any N LA  

response regardless o f  quarter-w ave plate position. The m iniscule response observed for 

the pure D M SO  solvent around a probe delay tim e o f  0 ps is due to im perfect light 

polarizations and transient grating effects,[4] as was show n in F ig.2.7 for THF.

0.100

S '  0.075 
+
<
S '  0.050 

*<
0.025

0.000

Figure B .l. [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.
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-1 *  DOKE condition _ 
-2"!’ DOKE condition 

4"* DOKE condition 
- 3'd DOKE condition -

0.10

CD 0.05 
+
<

0.00
m

I<
-0.05

- 0.10

-600 -300 0 300 600 900 1200
Probe delay time (fs)

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 4th DOKE conditions are the dichroic polarization conditions, 
and likewise show opposite responses of one another.

B.2 The Four DOKE Polarization Conditions

Tw o unique polarization conditions have been outlined in the preceding 

derivations, and throughout the bulk o f  this w ork. H ow ever, there are actually four useful 

polarisation conditions in D OK E detection. Pum ping 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 pum ping at a polarisation -45° to  that o f  the analyser yields a signal that is 

simply negative that o f  Eqn. B.5. Pum ping w ith a polarization parallel to that o f  the 

analyser was shown to yield a signal given by Eqn. B . l 3 Likewise, it can be shown that 

pumping w ith  an orthogonal polarization to the analyser yields a signal that is the 

negative o f  Eqn. B.13. Thus, there are four im portant polarization conditions in the 

DOKE technique. The signals from these four conditions are shown experim entally in 

Fig. B.2. W e have outlined these four conditions in a previous w ork .[l] In that work, 

however, w e did not have access to a satisfactory nonlinear absorbing sample, and the 

dichroic conditions were shown to be degenerately null. Thus, for the sake o f 

com pleteness, we present Fig. B.2 to show the four conditions for our M PPBT NLA 

standard.
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APPENDIX C:
C o n c e r n in g  E x p e r im e n t a l  R e s o l u t io n  A nd  
R aw  D ata  o f  t h e  D O K E  T e c h n iq u e

This appendix looks to present some raw D O K E tim e-resolved signals in an effort to 

explore some o f  the experim ental details o f  this new technique. In particular, a frank 

presentation o f  issues that lead to a reduction o f  signal-to-noise performance and 

experim ental uncertainties is attempted.

Fundam entally, the lock-in detection that is used for the extraction o f  TPA and 

Kerr signals is only lim ited to electronic (bit-noise) and background photodiode noise 

levels, and resolution o f  signals as low as A<j)’ or A<|)”  o f  about 1 x 10"4 rad (as is shown for 

(j)”  o f  THF in the inset o f  Fig. 2.7) may be expected. In practice, however, there are 

various effects that significantly limit our detection resolution aw ay from this value. As 

shown in Fig. 2.7, in the absence o f  a tw o-photon absorption signal, any inherent pulse 

chirp may lead to  the m easurem ent o f  a coherent grating coupling betw een the pump and 

probe samples. This artefact is present on top  o f  any m easured nonlinear absorption 

response. W hen the dichroic polarization condition is strictly aligned (a non-trivial 

procedure), the full transient grating signal is kept to about ±5x1 O'4 rad. In practice, it is 

very difficult to  align the pum p half-wave plate to yield the precise polarization, and a 

TH F signal o f  under 1 5 x l0 '4 is considered sufficient to constitute a “null” result. Unlike 

m easurem ents o f  the K err response in the birefringent polarization condition, the two- 

photon absorption m easurem ents contain no internal offset signal, as the solvents do not 

exhibit TPA  near 800 nm. W e generally try to  control the sam ple concentration and pump 

intensity to levels that yield a measured <|)”  o f  between 0.005 and 0.08 rad. The lower 

limit guarantees proper resolution and confidence, and the upper lim it assures that neither 

the nonlinearity nor the linearity o f the DO K E response are near saturation. In general, 

signals m easured in the dichroic polarization condition is m ore noisy than those o f  the 

birefringent polarization condition. This occurs because in the dichroic polarization
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condition, the pum p beam  is aligned along either A or B, and thus m ay lead to increased 

scatter-based noise on A-B. The birefringent condition, on the other hand works with a 

pum p polarization o f  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 ultim ately be 

rem oved by careful attention, and thus does not often im pact our ultim ate scan resolution. 

A  typical dichroic condition scan set is shown in Fig. C .l ,  w here the excellent signal-to- 

noise ratio o f  the D O K E technique is apparent. U nlike other pum p-probe techniques such 

as z-scan and spectrally-resolved tw o-beam  coupling (SRTBC) that rely on extensive and 

m ultiple-param eter fittings to obtain the optical nonlinearities, [1,2] in the DOKE 

technique w e can sim ply extract the peak signal value. This procedure, o f  course, relies 

on the proper and smooth progression o f  data points, as exem plified by Fig. C .l. From 

this figure, for example, a value o f  tanh(<|)” )=0.050±0.001 rad w ould be reported. The 

uncertainty value is strictly estim ated based on the tem poral spread in the data points near 

peak and the sm oothness o f  the peak itself. Increasing the scan resolution w ould is made 

possible by increasing the tem poral resolution and by fitting the curve to a Gaussian 

profile. The latter, we find, is unnecessary for the type o f  resolution w e typically require. 

In the case o f  the signals shown in Fig. C .l,  the noise-to-signal ratio (or uncertainty) in 

the TIPS- 1 Oyne trace is approxim ately 0.01. Efforts are not typically m ade to reduce this 

uncertainty, as it is on par or low er than the typical uncertainty in the sample 

concentration, w hich is often about 2%. Each trace presented in Figure C .l is an average 

o f  three consecutive scans, all together taking less than five m inutes o f  scanning time. 

Increasing the num ber o f  scans in the average m ay be used to increase the experim ental 

resolution, but this is only strictly correct on days in w hich the laser pow er is not 

noticeably dim inishing over the tim efram e o f  a sam ple and reference scan pair. As 

m entioned in C hapter 2, all TPA  m easurem ents are referenced to an iterative M PPBT 

reference scan set. Thus, the ultim ate uncertainty in the TPA coefficient is double that o f  

a single scan due to norm alization to  an M PPBT scan. Furtherm ore, to obtain a reliable 

m easure o f  a (2) (and y) we typically  repeat each experim ent several times, often m onths 

apart. Changes in the operational param eters o f  the laser and sam ple concentration can 

lead to slight variations in inter-run results. These are typically accounted for with a 

m easure o f  standard-deviation or simple error analysis. In summary, signal noise, 

various scatter, uncertainty in concentration, repeatability, and reference scan 

norm alization typically lead to an ultim ate uncertainty o f  approxim ately 10% in o (2\  As 

discussed, signal-to-noise issues are a m inor com ponent o f  this final value.
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Figure C .l. Measurements of THF and a TZPS-lOyne 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 77P5-10yne sample.

As discussed in a previous w ork,[3] the birefringent polarization condition suffers from 

different concerns that lead to an ultim ate reduction in experim ental resolution. Raw 

scans o f  T H F , TIPS-5yne and TIPS-lO yne  obtained w ith the DOKE birefringent 

polarization condition are shown in Fig. C.2. A gain, each trace represents an average o f  

three scans and takes approxim ately 5 minutes to obtain. In addition to (A-B)/(A+B) 

signals, Fig. C.2 show s a typical A+B trace; in this case, o f  TIPS-5yne. A slight dip in 

the A+B trace is seen around the probe arrival time, corresponding to  TPA. Clearly, this 

signal is m uch harder to resolve than  the TPA traces o f  the dichroic polarization 

condition shown in Fig. C .l.  Unlike for the dichroic response, the solvent (in this case 

THF) displays an inherent Kerr response. As was discussed in C hapter 2, Eqn. 2.5 shows 

that the Kerr response o f  a sample in solution is simple a sum o f  the solvent and solute 

responses. Thus, w e can only resolve that sample response w hich can be resolved beyond 

the pure solvent’s. This condition leads to a significant reduction in the resolution o f 

DOKE signals in the birefringent polarization condition because the resolution o f  the 

solvent response itse lf suffers from all o f  the aforem entioned uncertainties found in the 

dichroic polarization condition (with the exception

191

R eproduced  with perm ission of the  copyright owner. Further reproduction prohibited w ithout perm ission.



A p p e n d i x  C :  E x p e r i m e n t a l  R e s o l u t i o n  o f  t h e  D O K E  T e c h n i q u e

0.15

c
g>
CO

0.05

0.00

Figure C.2. [colour] DOKE birefringent condition measurements of TIPS-YY& 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- 
lOyne samples were used as a quick check on the concentration dependence. A single A+B trance for a 
IZRS'-lOyne 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.l. [colour] On-peak scans of THF and 77RS,-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 7/AS-10yne A-B, the THF A-B, and the TIPS- 
lOyne A+B signals, respectively. Clearly the on-peak A-B response is much more noisy than A+B.
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o f  pum p beam  scatter). This is further exacerbated by the fact that we obtain y values by 

analyzing the K err response on-peak, but the peak itse lf is the tem poral com ponent with 

the most noise due to the coherent coupling o f  the pum p and probe beams. Thus, to make 

the m easurem ent m ore robust, w e often  obtained a m easurem ent o f  250-500 data points 

on-peak, for statistical purposes. F igure C.3 presents an on-peak scan o f  A-B in a TIPS- 

lO yne sam ple and its corresponding THF reference. W hen inspecting this figure, it 

becom es clear that there is considerable on-peak noise, in the order o f  about 6%. 

Obtaining m any data points allows for the fitting o f  the on-peak data and a m easure o f  the 

standard-deviation in <j)’. For the scans shown in Fig. C.3 the uncertainty in the peak 

value is approxim ately l% -2%  o f  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 experim ental 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 o f  approxim ately 0.3%, as given by the standard deviation. The on-peak 

scans presented in Figure C.3 are single, non-averaged, scans, and take approxim ately 

four m inutes to obtain. This type o f  experim ent is typically utilized once the tem poral 

response profile, such as given in Fig. C.2, is already obtained. Thus the signal is both 

properly m apped out tem porally and the peak response is properly characterized. This 

procedure is also utilized in the dichroic polarization condition (not shown). U ltimately, 

the various accum ulated experim ental uncertainties lead us to typically  report y to within 

±10% . Repeating the experim ents num erous tim es w ith new sam ple solutions has often 

lead to only small variations in the obtained y and a (2) values. In this case, the 

experim ental 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 

m easurem ents do not yield results that are in close agreem ent w ith previous ones. In this 

case, the culprit is often difficulty in m aking precise concentrations o f  sample solutions, 

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