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ABSTRACT: Non-resonant two-photon absorption (TPA) can be defined as the simultaneous absorption of two
photons, via a virtual state, in a medium. TPA exhibits a quadratic dependence of absorption on the incident light
intensity, resulting in highly localized photoexcitation. Recent developments in the design and synthesis of efficient,
stable TPA organic materials are discussed. Microfabrication via two-photon induced free radical polymerization of
acrylate monomers and cationic polymerization of epoxide monomers was accomplished using commercially
available photoinitiators, and also a custom-made compound possessing high two-photon absorptivity. Two-photon
facilitated photoisomerization of a fulgide in solution and in a polymer thin film demonstrated two-photon induced
photochromism and its application in interferometric image recording, respectively. Greatly enhanced signal-to-noise
ratios and resolution were achieved in the non-destructive three-dimensional two-photon fluorescence imaging of a
polymer-coated substrate versus conventional single-photon laser scanning confocal microscopic imaging.
Multifunctional TPA organic materials and fabrication of functional microstructures are also discussed. Copyright
0 2000 John Wiley & Sons, Ltd.
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INTRODUCTION linear dependence. The end of the 20th century and the
beginning of the 21st century have been accompanied by
Organic materials exhibiting significant non-linear re- an ever pressing need for materials that exhibit
sponses to applied electric or electromagnetic fields haveamplification or respond in a highly non-linear manner
attracted intense interest during the last few decades.to a particular stimulus. In particular, compounds that
Currently, organic materials occupy a prominent role in undergo strong non-linear, multiphoton absorption are
2-D (linear) display technology based on specifically being investigated as materials for a wide variety of
induced phase transitions in liquid crystalline materials, potential applications in areas ranging from optical
thereby altering their optical properties, and in the rapidly information storage, 3-D optical memories, biophotonics,
developing arena of organic light-emitting diodes materials science and photochemistry. For example, it is
(electroluminescent materials). Organic chromophoresprojected that a multiphoton-based 3-D optical volu-
are becoming an integral component in second and thirdmetric memory will provide up to three orders of
harmonic generation, devices for radiation frequency magnitude more information in the same size enclosure
conversion and waveguides. Suitable materials for suchrelative to a 2-D optical disk memoty.
applications manifest a non-linear optical response inthe The non-linear, multiphoton process of two-photon
presence of an applied electric field, resulting in absorption (TPA) has been gaining greater interest
amplification of the particular optical property (e.g. among a number of multidisciplinary areas, particularly
refractive index change) relative to that obtained via a in the rapidly developing fields of multiphoton fluores-
cence imaging, optical data storage and switching, optical
sensor protection, telecommunications, laser dyes, 3-D
*Correspondence toK. D. Belfield, Department of Chemistry and  mjcrofabrication and photodynamic therapy (p|j'|'§_
8?&?%0?L8ﬁ2?'32%'1'g?2§%OLESC:”""’“ Florida, P.O. Box 162366, 115 demands of such applications exceed properties and
E-mail: kbelfiel@mail.ucf.edu reliabilities delivered by current organic materials,
Contracygrantsponsoﬁ.\lational Science Foundatio@ontract/grant underscoring the need for increasingly sophisticated
number:ECS-9970078, DMR 9975773, non-linear optical organic materials. Since the probability
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Contract/grant numberF49620-93-C-0063. of a TPA process is proportional to the square of the
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incident light intensity, photoexcitation is spatially
confinedto the focal volume?! Such precisecontrol of
photoexcitationis intriguing, facilitating the develop-
ment of new technologiesprocessesnd materialsthat
require3-D spatialresolutionof physicalpropertiespboth
static (permanentpnddynamic(reversible).

The theory of the simultaneousabsorptionof two
photonswvasdevelopedy Goeppert-Mayein 1931° but
remainedmainly anintellectualcuriosity until theadvent
of the pulsedlaser providing very high-intensity light.
For simplicity, two-photonabsorptioncanbe conceptua-
lized from a semiclassicalperspectivé. In the TPA
process,moleculesexposedto high intensity light can
undergonear simultaneousabsorptionof two photons
mediatedby a so-called'virtual state,’a statewith no
classical analog. The combined energy of the two
photonsaccesses stableexcited stateof the molecule.
If the two photonsare of the sameenergy(wavelength),
theprocesss referredio asdegenerat@ PA. Ontheother
hand, if the two photons are of different energy
(wavelength)the processs non-degenerat&éPA.

As light passeghrougha molecule,the virtual state
may form, persistingfor a very short duration (of the
orderof afew femtoseconds)IPA canresultif asecond
photonarrivesbeforedecayof this virtual state with the
probability of TPA scalingwith the squareof the light
intensity. This processs generallytermedsimultaneous
two-photon absorption. Two-photon absorption thus
involves the concertedinteractionof both photonsthat
combinetheir energiesto producean electronicexcita-
tion analogougo that conventionallycausecby a single
photonof a correspondinglyshorterwavelength Unlike
single-photonabsorption,whose probability is linearly
proportionalto the incident intensity, the TPA process
dependson both a spatial and temporaloverlap of the
incident photonsand takeson a quadratic(non-linear)
dependencen the incidentintensity.

Two-photon transitions can be described by two
different mechanistictypes. For non-polar molecules
with alow-lying, stronglyabsorbingstatenearthevirtual
level, only excited statesthat are forbidden by single-
photonselectiondipole rules can be populatedvia two-
photon absorption(Type 1 in Fig. 1).! The probability
thatthis low-lying statecancontributeto thevirtual state
is predictedby Heisenberg'sincertaintyprinciple,with a
virtual statelifetime approximatedash/(4xAE), whereh
is Planck’s constantand AE is the energy difference
betweerthevirtual andactualstateslUsingthis equation,
it is predictedthat an allowed state can contribute to
formation of the virtual statefor time ty;w,a Which is
equalto abouth/(4zAE) with the transition probability
proportionalto Ap?. Forexamplealifetime of ca0.3fsis
estimatedfor a stateseparationof 0.1eV. Two-photon
absorptivity, 6, is expressedn Goeppert-Mayerunits
(GM), with 1 GM =1 x 10 °°cm®*s molecule* photo-
n~. MoleculeswhichundergostrongTPA via the Type1
processhavetwo-photonabsorptivitiesup to 10 GM.’
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Figure 1. ‘Simultaneous’ two-photon absorption processes
(Type 1 and 2)

In contrast,strongTPA canoccurin polar molecules
by a different mechanism(Type 2 in Fig. 1) in which a
largechangein dipole moment(Ap >10 D) occursupon
excitation of the ground to an excited state* Single-
photonallowedstatescanthenbe accessedia TPA, and
thevirtual statelifetime is proportionalto Ap?, while the
transitionprobability scaleswith Ap®. In this case both
the ground and excited states can participate in the
formation of the virtual state,enhancingTPA. In polar
moleculeswith large Ap betweerthe groundandexcited
states, 4 values in excessof 100 GM have been
reported:®

The two-photon advantage

The quadratic,or non-linear,dependencef two-photon
absorptionon the intensity of the incident light has
substantialimplications. For example, in a medium
containingone-photorabsorbingchromophoressignifi-
cant absorptionoccursall along the path of a focused
beamof suitablewavelengtHight. This canleadto out-of
focus excitation. In a two-photon process,negligible
absorptioroccursexceptin theimmediatevicinity of the
focal volumeof alight beamof appropriateenergy.This
allows spatialresolutionaboutthe beamaxis aswell as
radially, which circumventsout-of-focusabsorptionand
is the principle reason for two-photon fluorescence
imaging? Particularmoleculescanundergoupconverted
fluorescencethrough non-resonantwo-photon absorp-
tion using near-IR radiation, resulting in an energy
emission greater than that of the individual photons
involved (up-conversion).The use of a longer wave-
lengthexcitationsourceor fluorescencemissioraffords
advantagesotfeasibleusingconventionalJV or visible
fluorescenceechniques.e.g. deeperpenetrationof the
excitationbeamandreductionof photobleaching.
Argon ion (488 nm) andfrequency-doublé Nd:YAG
(532 nm) lasersarethe commonlyusedlight sourcegor
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conventional (single-photon) laser scanning confocal
microscopy(owing to their ready availability and low

cost).Suchlight sourcesequirefluorophoreswith strong
absorbancenear these wavelengths. Two-photon laser
scanningfluorescencenicroscopysystemspn the other
hand, are generallyconfiguredwith a Ti:sapphirelaser
with 80-120fs pulseoutputin the near-IRregion (700—
900 nm). Consequently,many typical single-photon
fluorophoresundergoonly weak TPA in this region,
since a fluorophore with \,,ax of 490nm would be

expectedo undergawo-photonabsorptiorat ca980nm

(a wavelengthwhere the output power of commercial
Ti:sapphirelasersis practically too low to be useful).
Thus, commercial fluorophores are far from being
optimized for use in two-photon fluorescencemicro-

scopy.A morereasonabl@bsorptiormaximumfor such
chromophoresis 380—-420nm (facilitating the use of

near-IRfemtosecongourcesn the range760-840nm),

since the TPA Anax Will be approximatelytwice the

wavelengthof the single-photorm\may®

RESULTS AND DISCUSSION
Two-photon absorbing compounds

Recentdevelopmentsn the designof organicmaterials
with large multiphotonabsorptivityarebasedargely on

the Type 2 TPA processoutlined in Fig. 1, involving

moleculesthat undergolarge changesn dipole moment
upon excitationfrom the groundto an excited state.A

relatively limited number of two-photon absorbing
compoundshasedon this premisehave beenreported.
Amongefficient TPA polarorganiccompoundsrethose
with polarizable n-conjugatedsystemssuch as those
reportedwith phenylethenyt® fluorenyf**~*3or poly-

enyl (bacteriorhodopsinand its analogs) constructs
bearingelectron-donatingD) and/orelectron-withdraw-
ing (A) moieties,separatedy a conjugatedr-electron
systemj.e., A—n—A, D—n—A, D-n—D. Femtosecontwvo-

photonabsorptivitiesfor someof thesematerialsarein

therangel0-1000GM.

As partof a programto establishan empiricalbody of
non-linear absorptivity as a function of molecular
structure,andto prepareefficient two-photonabsorbing
fluorophores,we have been investigating a series of
compounds with systematic variation in molecular
structure(Fig. 2)&*2 Polar organic compoundssuch
as 4-nitroaniline and 4-amino-4-nitrobiphenyl undergo
increase# dipolemomenton photoexcitatiorfrom 6 to
14 D and from 6 to 20 D, respectively** Thus, such
compoundsare expectedto possesshigh two-photon
absorptivity,asdiscussedbove. We chosethe fluorenyl
ring systemto serveasa thermallyandphotochemically
stable n-conjugated analog of the 4,4-disubstituted
biphenylderivatives.Locking the biphenylunit into the
fluorenyl ring provides greater electron delocalization
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Figure 2. Structures of selected fluorene derivatives that
undergo TPA and up-converted fluorescence

throughincreasedr molecularorbital overlap between
the rings, enhancingmolecular polarizability. Impor-
tantly, fluorenecanbereadily functionalizedin the 2-, 7-
and/or 9-positions. In addition to TPA optimization,
anotherimportantmoleculardesignaspecis wavelength
sensitivity. Since commercially available Ti:sapphire
lasers(output from 700 to 980 nm) are currently the
mostsuitablelight sourcego provide the requisitehigh
intensitiesfor TPA, this mustbe consideredn thedesign
of TPA materials.

In orderto prepareaseriesof derivativesfor non-linear
absorptiorstudieswe soughtthe efficient preparatiorof
key intermediatesusing synthetic methodology that
would be readily adaptablefor rapid functionalization
Ullmann condensatiomeactionsof arylamineswith aryl
iodides and efficient Pd-catalyzedHeck and Stille
couplingwere employedto preparea seriesof fluorene
derivatives of varying electronic characteristics(Fig.
2) 8111215 The YV-visible absorption spectrum of
phosphorylateluorenederivativel in CH;CN extended
outto about480nmwith two A4y ONeat308nmandthe
otherat 383nm. The visible absorptionof nitro-contain-
ing fluorenederivative2 in CHsCN extendecdbutto about
550nm with two A\nax ONe at 309nm and the other at
414nm. Thefluorescencemissionspectrunof 5 ranges
from 400 to 630nm with an emissionApmay 0f 475nm
upon excitation at 380nm. Fluorene derivative 5
possessesighly desirable characteristicsfor use in
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Figure 3. Structures of multifunctional TPA dyes with an
electron-accepting perylene core

two-photon fluorescencemicroscopy, since it has an
absorption\nax of 392nm. The fluorescenceemission
spectrumof 6 rangedfrom 410 to 675nm with an
emission Amax Of 516nm upon excitation at 400nm.
Fluorene derivative 6 also possessesighly desirable
characteristics for use in two-photon fluorescence
microscopyi.e. it hasan absorption\x of 408 nm.
Two-photon absorption measurementshave been
performed on several of these compoundsusing an
NLO spectrometeand pump—probeexperimentDetails
of the experimental technique have been described
elsewherd! Briefly, non-degenerate TPA was
measuredusing a pump—probeexperimentin which
TPA wasinducedby spatialand temporaloverlapof a
1210nm femtosecondpump beamand a femtosecond
white light continuum (WLC) probe beam.The wave-
length of the pump beamwas selectedas 1210nm (the
photonenergyat this wavelengths not energeticenough
to causadegeneratd PA). Theprobebeamconsistedf a
femtosecondvhite light continuum(WLC) generatedby
irradiation of a sapphirewindow in front of the sample.
Preliminarydataindicatethat the fluorenederivatives
in Fig. 2 havehightwo-photonabsorptivity.Forexample,
ata WLC probewavelengthof 615nm, diphenylamino-
benzothiazolylflucene(5) exhibitednondegeneratéPA
of ca820 x 10°°cm’* sphoton * molecule * (820GM).
Fluorenel exhibiteda maximumtwo-photonabsorptiv-
ity of ca650x 10 °°cm’*s photon* molecule (650
GM) at WLC wavelength605nm, whereasthe two-
photon absorptivity of fluorene 2 was significantly
higher, ca 1300x 10 *°cm*s photon* molecule !
(1300 GM) at WLC wavelength670nm. Evident from
this comparisoris anincreasdn TPA with amorepolar
molecular structure, indicative of a larger Ap for 2
relative to 1, and consistentwith 6 valuesexpectedfor
moleculesthat undergolarge dipole moment changes
upon photoexcitation.The large two-photonabsorptiv-
itiesandassociated,ax for thefluorenederivativesopen
thedoorfor potentialapplicationsof thesechromophores
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Figure 4. Overlay of UV-visible absorption spectrum (solid
line) and fluorescence emission spectra of perylenediimide 8
in THF excited at 350 nm (dotted line) and 510 nm (dashed
line)

in multiphoton fluorescenceamaging and other optical
applications(asdiscussedelow).
Next-generationmultifunctional TPA materials are
envisionedwhich incorporatefunctionality for high two-
photonabsorptivityalongwith molecularconstructsfor
energytransfer,electrontransportand/ormorphological
variation (Fig. 3). Driving our studies are potential
applicationsof perylenediimidederivativesin molecular
electronicsapplicationssuchas organic photorefractive
mediafor opticalsignalprocessingelectron-transporting
componentsn organic light-emitting diodes, materials
for electrophotographyn-typephotovoltaicmaterialsfor
solar energy conversion,fluorescentdyes and near-IR
dyes!® We recentlyreportedthe synthesisof perylene-
diimide 8. Interestingly, perylenediimide8 exhibited
two strongUV-visible absorptiorbands(Fig. 4), onein
theUV from 270to 385nm (Anax= 345nm) andanother
in thevisible from 410to 545nm with \,,.x at 457,486
and 522nm. The first absorptionband is due to the
fluorenyl groups,asit is similar to the absorptionrange
exhibited by the aminofluorene4 from 210 to 450nm
with A\nax=380nm, while the absorptionin the visible
rangeis dueto the centralperylenering system.
Thefluorescencemissionspectrunof perylene8 was
obtainedand is shownin Fig. 4, where excitationwas
performedat A\e,=325nm, resultingin an unexpected
emission \max at 540, 585 and 625nm. Excitation at
Aex=510nm resultedin a similar emission\,ax profile
to that obtainedwith the \ex = 325 nm°
Theresultingemissionprofile from thefirst excitation
(350 nm) is indicative of an intramolecular energy
transfer processwhereby the excited fluorenyl group
undergoesenergytransferto the perylenering system,
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facilitating excitationfollowed by emissiont> This then
generatesa similar emissionspectrumto that obtained
from A\ex=510nm, althoughthe relative intensity of the
fluorescencdrom this energytransferprocesss weaker
thanthatof thecorrespondindluorescencebtainedrom
the excitation performedat the visible maxima owing,
presumablyto competingdeactivationprocessesSince
the longer wavelengthabsorptionband at the perylene
moiety overlapswith its emission,reabsorptionof the
emission in the range 500-560nm is likely. The
bisdiphenylaminperylenederivative9 (Fig. 3) exhibited
similar luminescencebehavior to the benzothiazole
analog but striking differencesin morphology were
observed Whereasthe benzothiazoleanalog8 was an
amorphousglass with Tg=111°C, the diphenylamino
derivative9 affordedlargesingle crystals.DSC analysis
of 9 revealedwo meltingendotherm&t 160and297°C,
with correspondingoolingexothermsat128and242°C,
respectively,demonstratinga degreeof morphological
control. We are currently investigatingthe basisof the
morphologydifferencedor thesetwo derivativeghrough
computationamodeling.

Two-photon microfabrication

It is widely believedthata revolutionin miniaturization,
particularly in the field of microelectromechanical
systems(MEMS), is under way. Figures predict the
world’s MEMS marketto bemorethan$14billion.*® It is
projectedthat the designand manufacturingechnology
that will be developedfor MEMS may rival, or even
surpassthefar-reachingmpactof ICs onsocietyandthe
world’s economy.At the forefront of techniquesbeing
exploredfor 3-D spatiallyresolvedmaterialamagingand
processingremethodsbasedon TPA. In contrastto the
linear dependenceof single-photon absorption on
incidentlight intensityin conventionaphotopolymeriza-
tion, thequadratiadependencef photoexcitatioronlight
intensityin TPA canbe exploitedto confinepolymeriza-
tion to the focal volume and achieve fabrication of
micré)structureS/ia 3-D spatially resolvedpolymeriza-
tion.

Two-photonabsorptioncanoccurin certainmaterials
at wavelengthswell beyond that which monomers,
polymers and most organic substancesabsorb (one-
photon) affordinga greaterdepthof penetrationgreating
little or no damageto the host. Hence two-photon
microfabrication via photoinitiated polymerization re-
presents potentiallyversatiletechnologythat shouldbe
compatiblewith constructionof mechanical,chemical,
electrical, optical or biosensorsystems Additionally, it
shouldbe integratablewith conventionallC processing
technologiesandfemtosecondasermicromachining.

Although several reports of two-or multiphoton
induced polymerization appearedin the literature as
early as 1971} most of theseinvolve two or more
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sequentialfesonansingle-photorexcitationprocesseat

singleor multiple wavelengthgi.e. excitedstateabsorp-
tion).**2°The resonanprocessesnustbe distinguished
from the simultaneougwo-photonexcitation processof

concernhere owing to the fundamentaldifferencesin

achievingspatially resolvedpolymerization,i.e. a much
higher degreeof inherent3-D spatial resolutionin the

simultaneous process. Less relevant to the current
objectivesare a limited number of accountsof two-

photoninducedpolymerizationin the gasphaseé*—2*

Two-photon photopolymerizationof commercialac-
rylate monomersystemspreformulatedwvith UV photo-
initiators, hasbeenreported,althoughlittle information
regardingphotoinitiatorsvasavailable?®>22Two-photon
absorbingcompounddasedn phenylethenytonstructs
bearing electron-donatingand/or electron-withdrawig
moietieshavebeenreported® Amongtheseareelectron-
rich derivatives that have been found to undergo a
presumed two-photon induced electron transfer to
acrylate monomer$® or proposedfluorescenceenergy
transferto a photoinitiator3° initiating polymerization.
The reportedly efficient two-photon photoinitiators,
although more photosensitivethan previously studied
UV photoinitiators,are not commerciallyavailableand
requireinvolvedsyntheseddencethepracticalityof their
broaderuseis questionable.

Recently we reportedthe near-IRtwo-photoninduced
polymerization of (meth)acrylate monomersusing a
commercially available photoinitiator systembasedon
a visible light-absorbing dye®> Two-photon initiated
polymerization was conductedat 775nm via direct
excitation of a commerciallyavailabledye (5,7-diiodo-
3-butoxy-6-fluorone H-Nu 470) in the presenceof an
arylamine,and (meth)acrylatemonomer.The fluorone
dye,5,7-diiodo-3-butoxy-6-flumne (H-NU 470),andN,
N-dimethyl-2,6-diisopopylaniline were obtained from
SpectraGroup;thick films werecaston glassslidesfrom
neat mixtures and thin films were obtained via spin
coatingfrom a dioxanesolution,resultingin anelectron-
transfer free radical initiation process.The excitation
wavelength was well beyond the linear absorption
spectrum for 5,7-diiodo-3-butoxy-6-flumne (strong
and weak absorption maxima at 330 and 470nm,
respectively).Four commercialacrylate and methacry-
late monomersystemsawvere used:ethoxylatedbisphenol
A diacrylate (SR349, Sartomer), pentaacrylateester
(SR9041 Sartomer) aromaticurethaneacrylateblended
with tripropyleneglycol diacrylate (CN973A80, Sarto-
mer), and 2-methyl-2-propenoicacid (1-methyethyli-
dene)-bis(4,1-phenyl@oxy-2-hydroxy-1,3-propaiiy!)
ester(BisGMAXx950, Esschem).

According to the mechanismdeducedfrom single-
photon photochemicalstudiesof the initiating system
(Fig. 5)* electron transfer from the aromatic amine
(N,N-dimethyl-2,6-diisoproplaniline, DIDMA) to the
fluoronederivative,followed by protontransferfrom the
amine to the fluorone, resulted in formation of an
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Figure 5. Direct two-photon photoinitiated polymerization at 775 nm

arylamine bearing a free radical localized on the o-
methylenecarbon.This freeradicalspeciegheninitiated
polymerizationof (meth)acrylatederivatives.A diary-
liodonium salt can be addedto acceleratethe rate of
polymerization.

A numberof control experimentswere performedto
support a two-photon basedexcitation process.First,
experimentavere performedusinga Ti:sapphirelaserin
continuouswave (CW) vs mode-locked(80 fs pulse
width). Polymerizationwas not observedn CW mode,
while polymerizationoccurredonly whenthe laserwas
mode-locked. Next, experimentswere performed on
monomemlone(noinitiator), in whichnopolymerization
was observedupon exposureto near-IR femtosecond
radiation.Furthermorean initiator systemcomprisedof
isopropylthioxathone (ITX) and DIDMA (monomer:-
ITX:DIDMA mole ratio 1:1.4x 10°%5.4x 103 also
affordedpolymerin the presencef anacrylatemonomer
under near-IR femtosecondrradiation, attestingto the
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generality of the electron transfer polymerizationdis-
cussedabove.Similarly, no polymerwasproducedvhen
the ITX-DIDMA-acrylate mixture was exposedto the
samewavelengthin CW mode.

The formation of polymeric microstructureswith a
variety of dimensionsvasaccomplishedvith the H-NU
470 initiator—acrylate monomer system [Fig. 7(a)].
Similar 2-D microstructureswere obtained via two-

7%?@( A9 e

Irgacure 819 BME ITX

Figure 6. Free-radical photoinitiators for near-IR two-photon
polymerization
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Figure 7. Optical micrographs of grid-type microstructures
created via two-photon polymerization of an acrylate
monomer (SR349) (a) using the H-NU 470 initiating system
(9 pm linewidth, 100 pm line spacing) and (b) using fluorene
5 as initiator (18 um linewidth, ~100 pm line spacing)

photon polymerization of acrylate monomers using
commercial photoinitatorsand a 775nm femtosecond
laser. In particular, ary ketone photoinitiators (Fig. 6)
such as isopropylthioxanthong(ITX), benzoin methyl
ether(BME) andan acylphosphinexide (Irgacure819,
CIBA) werefoundto beeffectiveinitiators (all havenax
<400 nm), resulting in well-defined microstructures.
Typical monomer:initiator molar ratios were
1:3.5x 10* (ITX), 1:7.5x 103 (BME), 1:1.1x 103
(Irgacure819) and 1:1.9x 10 3 (fluorene5, Fig. 2). In
addition, compositionscomprisedof acrylatemonomer
SR349,ITX and N-ethyldiethanolamineor SR349,H-
NU 470andN-ethyldiethanolaminén 1:3.2x 1020.36
or 1:7.2x 10 %0.32 molar ratios, respectively, were
effective in forming microstructuresupon two-photon
excitation(TPE).
Thestrongtwo-photonabsorbingcompoundluorenes
was an effective initiator for an acrylatepolymerization

via TPEat 775nm, presumablijpy meansof anelectron-
transfer process. The resulting microstructure using
fluorene5 and SR349acrylatehad 18 um linewidths of

uniform spacing [Fig. 7(b)]. In a simple grid scan,
linewidthsof 9 um, spacedlO0Opm apart,wereproduced
with the H-NU 470system Microstructuresverereadily
examinedby optical reflectionmicroscopy.

A logical frontier is the preparationof functional
microstructuresThefabricationof magneticallyactuated
microstructuresvia two-photonpolymerizationis envi-
sioned. This was demonstratedvia two-photon free
radical polymerization of an acrylate monomer
(SR349),with the H-NU 470-DIDMA initiator system,
containingemulsion-stabilizednagnetitenanoparticles.
Optical microscopeand AFM imaging revealed the
microstructure and the presence of the magnetite
nanoparticleentrappedn the polymeric microstructure
(Fig. 8). In a polymerized grid-type microstructure
containing magnetite nanoparticlesthe optical micro-
graphrevealeda structurewith 18 um horizontal line-
width. AFM topographicimaging of a small sectionof
the microgridwasaccomplishedn broadbandmode(50
kHz vibration), indicatinga 300nm averagehicknessof
the polymer. AFM imaging in error mode (50 kHz
vibration) showeda relatively even distribution of the
nanometallicparticlesin the polymerizedand unpoly-
merizedareas.

Cationic photoinitiated polymerization of epoxides,
vinyl ethers and methylenedioxolaneshas received
increasingattention,owing in large part to the oxygen
insensitivity of the cationic process? Commercially
available diaryliodonium (CD-1012, Sartomer) and

Figure 8. Polymerized grid-type microstructure containing magnetite nanoparticles: (a) optical micrograph (18 um horizontal
linewidth), (b) AFM topographic image of partial microgrid in broad band mode (50 kHz vibration) and (c) nanometallic particles

in error mode (50 kHz vibration)

Copyright0 2000JohnWiley & Sons,Ltd.
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Figure 9. Optical microscopy image (right) of microstructures
(18 um linewidth, progressively increasing line spacing
beginning with 72 um, from bottom to top) formed via the
two-photon cationic polymerization of a mixture of poly(bis-
phenol A-co-epichlorohydrin) glycidyl end-capped and 3,4-
epoxycyclohexylmethyl  3,4-epoxycyclohexanecarboxylate
(K126, Sartomer) using CD-1012 (left)

triarylsulfonium(CD-1010,Sartomeryaltswerefoundto

initiate polymerizationof multifunctional epoxide and

vinyl ether monomers,affording well-defined micro-

structures (Figs 9 and 10). Typical multifunctional

epoxide monomers investigated were a mixture of

poly(bisphenol A-co-epichlorohydrin, glycidyl end-

cappedand3,4-epoxycyclohexylmethyd,4-epoxycyclo-
hexanecarboxyta (K126, Sartomer) or Epon SU-8

(Shell)andK126 in 1:4 weightratios,respectivelywith

1 wt% of eitherthe sulfoniumor iodoniuminitiators. In

Fig. 9, the linewidth is 18um with progressively
increasingline spacing,from bottomto top, beginning
at 72 um (as programmedwith the computer-controlled
scanner). The microstructurein Fig. 10 has 18um

linewidths with 72um line spacing.The versatility of

two-photon polymerizationis now well positionedto

allow the fabrication of complex three-dimensional
microstructuresa prospectwe are currently pursuing.

Two-photon photochemical transformations for
advanced optical applications

Over the past50 years,the field of organicphotochem-
istry hasproducedawealthof information,from reaction
mechanismgo useful methodologyfor synthetictrans-
formations.Many technologicalinnovationshave been

iE 7%

<\ /'E ;—?
5oy & 59@5@25 speg

Co-1010

Figure 10. SEM image (right, 250 x magnification) of
microstructure (18 um linewidth, 72 pum line spacing) formed
via the two-photon cationic polymerization of Epon SU-8
(Shell) and K126 with CD-1010 (left)

Copyright0 2000JohnWiley & Sons,Ltd.

10

Amax = 388 nm Mmax = 590 nm

Figure 11. Photoisomerization of fulgide 10

realized during this time due to the exploits of this

knowledge,including photoresistsand lithography for

the production of integrated circuits, photodynamic
therapyfor cancertreatmentphotoinitiatedpolymeriza-
tion, UV protectionof plasticsand humansthroughthe

developmentof UV absorbing compoundsand sun-
screensandfluorescencémaging,to nameafew. These
processevolve ‘single-phdon’ absorption-basephoto-
chemistry. Comparativelyfew studiesof multiphoton-
inducedorganicphotochemistrjhavebeenreported.

In most books on organic photochemistrythere is
scarcelya mentionof simultaneougwo-photoninduced
photochemistry,e.g. in Electronic Aspectsof Organic
Photochemistrythe only mentionof this was‘'Simulta-
neousabsorptionof two photonsis also possibleand
occurswhenvery high light intensitiesareused,3 while
just brief descriptionscanbe found in Excited Statesin
Organic Chemistry* and Principlesand Applicationsof
Photochemistry’® This said,the underlyingprinciplesof
multi- or two-photonabsorptiorareparticularlymeritor-
ious,andwarrantmuchfurtherinvestigation(particularly
with the advent of commercially available ultrafast
pulsedlasers).In fact, the field of two-photonorganic
photochemistnyis in its infancy, not unlike the field of
single-photororganicphotochemistryb0 yearsago.

Rentzepisand co-workers reported two-photon in-
ducedphotochromisnof spiropyranderivativesat 1064
nm2%3" Analogousto single-photonabsorptionfacili-
tated isomerization, the spiropyran underwent ring-
openingisomerizationto the zwitterionic colored mer-
ocyanineisomer. The merocyanineisomer underwent
TPA at 1064nm, resultingin up-convertedluorescence.
Spiropyransare known to undergophotobleachingand
photodegradatiorupon prolongedexposure,and hence
are not suitable for long term use. Nonetheless,an
intriguing model for 3-D optical storagememory was
proposed.

Like manyspiropyransspirooxazineandfulgide-type
compoundsare known to undergo photoisomerization
from a colorlessto highly coloredisomer®® Unlike the
spiropyrans the thermally and photochemicallystable
spirooxazineand fulgide-type compoundshave been
reported which underwent numerous single-photon
photochemicaisomerizatiorn(color) andreversiorcycles
without significantdegradatior?® Optical datarecording
potentialsashigh as10® bitscm 2 havebeenreportedfor
fulgide-type materials.In an effort to developa more
photostablenaterialfor two-photonholographidmaging

J. Phys.Org. Chem.2000;13: 837-849
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Figure 12. Optical system for pump—probe photoisomerization kinetics experiment
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Figure 13. Absorption spectra as a function of time for the
two-photon induced photoisomerization of fulgide 10

andinformationstorageflugide 10 (Anax= 385nm) was

chosenfor study, particularly since its single-photon

photochromidbehavioris well establishedFig. 11)*°
First, to demonstratethe possibility of two-photon

M N\

rl N

M
~

induced photochromismfor 10, determinationof the

kinetics of femtoseconchear-IR (775 nm) photoisome-
rization wasperformedusinga pump—probesxperimen-
tal setup (Fig. 12) to verify the two-photoninduced
natureof the transformation.

As seenin Fig. 13, formation of the fulgide photo-
isomer11 wasmonitoredasa function of time. Plots of
absorbanceat 585nm (log I¢/l) versustime (s) were
linear for the formation of the ring-closedphotoisomer.
Thephotoisomeriationrateconstantshusobtainedvere
2.53x 10 °+0.3x 10 %and6.99x 10 °+0.5x 10 °s*
atirradiationintensitiesof 3.5and7.0mW, respectively.
As canbe seenfrom the rate constantsas a function of
irradiant intensity, a near-quadraticdependencewas
observedor the photoisomerizatiorof 10 asa function
of intensity of the 775nm femtosecondpump beam,
supportiveof a two-photoninducedprocess.

Next, preliminary 2-D interferometricrecordingwas
performedusing a Mach—Zehndeiinterferometrysetup
using a Clark CPA2001775nm femtosecondaser as
the irradiation source(Fig. 14). Photoinducedchanges
were observedin the regions of high light intensity
(bright interference fringes) in a thin film of poly
(styrene)—fulgidel0 composite,demonstratinga proof
of principle for effecting photochromictransformations

BS
M = Mirrors
S = Sample

BS = Beam splitter

CPA2001 Lager
N

Figure 14. Schematic diagram of a Mach-Zehnder interferometer for 2-D recording via two-photon photochromism (left). Dark
lines in right image result from high-intensity bright fringe-induced photoisomerization of fulgide 10 in a polystyrene film (13 pm

linewidth and 155 um line spacing)
Copyright0 2000JohnWiley & Sons,Ltd.
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il

Figure 15. Comparative xy (lateral) images of fluorene 6-doped PMMA on scored glass slide via (a) single-photon excitation (Ar,
488 nm) LSCM and (b) two-photon (Ti:sapphire, 815 nm) LSM. Both images were taken from the same focal plane

in localizedregions(Fig. 14) asa modelfor holographic
information storage.The dark lines in the image of
Fig. 14 resultfrom high intensity bright fringe-induced
photoisomerizatiorof fulgide 10 (13um linewidth and
155um line spacing) Currenteffortsinvolve two-photon
holographicvolumetricrecordingin this material.

Non-destructive 3-D multiphoton fluorescence
imaging

The use of longer wavelengthlight as the excitation
source for fluorescence emission leads to deeper
penetrationdepthsthan possiblewith conventionalUVv
orvisible fluorescencéechniquesSincethefluorescence
emissionis confinedto the focal volume in the two-
photon processtherewill be virtually no out of focus
fluorescencesignal, i.e. two-photonexcitation falls off
rapidly away from the focal volume, resultingin a high
signal-to-noiseratio. An advantageof excitation with
near-IRradiationis thatmostmaterialsaretransparenin
thisregion.In practice oneis ableto imagetwice asdeep
in samples using two-photon induced fluorescence
compared with conventional confocal single-photon
fluorescencenicroscopy’

For example,useof two-photonfluorescencémaging
in the biological sciencegangesfrom the study of the
dynamics of the cytoskeletonin the nematode C.
elegans* studiesof the mechanismby which myo-
blasts take up DNA,*? studies of the distribution of
mitochondria in developing mammalian embryos’®
neural transplantprocesse$? 3-D time-lapseimaging
of living neurons®® lipid membranedynamics!® den-
dritic spinesandotherneuronalmicrodomaing,” micro-
tubule dynamicsin living cells;*® to the photoactivated
releaégeof cagedcompound®’ and NADH photoactiva-
tion.

Two-photonlaserscanningmicroscopyis a potentially

Copyright0 2000JohnWiley & Sons,Ltd.

useful,non-destructiveool to studysurfacesjnterfaces
and fractures in polymer or glass specimens.Non-

destructiveevaluationrefersto a non-invasivetechnique
for probing interior microstructure and subsurface
features.Recently, fracturesin polymer sampleswere

reportedly imaged by this technique* Two-photon
multichannelfluorescencenicroscopywas also demon-
stratedto be useful to probe and constructimages of

multilayered coatings. Figure 15 provides a direct

comparisionof non-destructive normal laser scanning
confocal microscopic(LSCM) (single-phota) imaging

vs two-photon laser scanning microscopic (LSM)

imaging of a fluorophore-labelegolymer. Fluorene6

(Fig. 2) and poly(methyl methacrylate} PMMA) were
dissolvedin THF andcaston a scored(scratchedplass
substrate.

Comparativdateral(xy) imageq512 x 512pixel size,
10 x objective, numerical aperture0.3) were obtained,
wherebyboth the single-photon(SPE) and two-photon
(TPE) excitation of the fluorophore-dped polymer on
theglasssurfacewerescannedrom the samefocal plane
within the substrate SPEwasaccomplishedvith a CW
argonion laser(488 nm), andthe fluorescencemission
was detectedby a photomultiplier tube after passage
througha 60 um confocalapertureo reduceout-of-focus
fluorescenceClearly evidentin the TPE upconverted
fluorescenceimage (Fig. 15) is the higher contrast
resultingfrom virtually no out-of-focusfluorescencean
inherentmanifestatiorof the TPA processln two-photon
imaging,no confocalaperturewasused.

Owingto thequadraticdependencef the TPA process
on incident intensity, resultingin minimal out-of-focus
emission,a large improvementin emission signal-to-
noiseratio is expected.This is borneout in Fig. 16 in
which the emissionintensity is plotted versusposition
acrossthe fluorophore-dped polymer in one of the
scoreqg315um linesin Fig. 15(a)and(b)]. In additionto
anenormousncreasdn the signal-to-noiseatio, a large

J. Phys.Org. Chem.2000;13: 837-849
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Figure 16. Plots of SPE and TPE emission intensity across the
fluorophore-doped polymer in one of the scores [315 um
lines in Fig. 15(a) and (b)]

increasan thesensitivityis alsoobservedasno confocal
apertureis usedto block emissionfrom the two-photon
image.

Both single- and two-photon laser scanningmicro-
scopic sectioning can be employed to collect non-
destructive cross-sectionalimages of polymer films.
Figure 17(a) and (b) showfluorescenceemissionacross
an xy line as a function of depth (5um z stepsover
340um). Figure17(a)displaysthe cross-sectionamage
of thesamepolymer-coatedcoredsubstrateasshownin
Fig. 15, obtained via single-photon laser scanning
confocal microscopy (488nm excitation). In contrast,
Fig. 17(b) is the samecross-sectionadreaimagedvia
two-photonexcitation. Obviousin theseimagesis the
substantialincreasein resolution,i.e. the single-photon
laserscanningconfocalmicroscopicimageexhibits out-
of-focus fluorescenceThe two-photonimageis clearly
much better defined, providing information on the
interfacial micromorphologybetweenthe coating and
the substrate.

A plot of emissionintensity versusdepththroughthe
film thicknesqalongthe 335umyellow line in Fig. 17(a)
and(b)] allowsdirectcomparisorof resolutionfor single-
versus two-photon fluorescenceimaging (Fig. 18). A
remarkabledifferenceis observedwith a betterresolved
signalobtainedvia TPE,corresponding@pproximatelyto
thefilm thickness.

Theadvantagesf two-photonfluorescencémagingof
polymer films and interfaces,relative to conventional

335 um

100.0um
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2000 - —— TPE
;, 1500 1
i<y
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=
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Figure 18. Plots of SPE and TPE emission intensity across
cross-sectioned (x2) images of the fluorophore-doped poly-
mer in one of the scores [335 um lines in Fig. 17(a) and (b)]

LSCM, are clear. One can anticipate the widespread
applicationof this techniqueasa non-destructiveool for
materialsandinterfacial micromorphologicalmagingin
the future.

Photodynamic therapy (PDT)

Two-photon activation of photodynamiccancerthera-
peuticagentshouldbeadvantageousincemosttissueis
transparento near-IRradiation,affording much deeper
penetrationdepths (allowing subcutaneougreatment).
Importantly, the spatialresolutioninherentin 2PA will
provide increasedesolution(localization)in photoacti-
vation of the agent. Psoralenderivatives have been
investigatedor near-IRfemtoseconexcitationandhave
beenfound to crosslink DNA via n2s+ n2s photocy-
cloaddition between psoralen C=Cs and pyrimidine
basesof DNA.>? This resultsin cell death through
inhibiting DNA replication. In addition, porphyrin
derivatives have been shown to be effective singlet
oxygen sensitizersupon irradiation in vivo (via both
single- and two-photon excitation), resulting in tumor
cell death®® In fact, a porphyrin derivative (Photofrin),
approvedby the FDA for the treatmentof a limited
numberof cancertypes,is gainingincreasedicceptance
in the USA. As PDT becomesa primary therapeutic
practice the advantageassociatedvith highly localized
TPA will allow better control of site-specific drug
photoactivation.

- B Bl

338 um

b.

Figure 17. Cross-sectional (x2) image of the polymer coated glass substrate: (a) single-photon LSCM and (b) two-photon LSM

images
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In conclusion,the many advantagesssociatedwith
non-linearabsorption-inducegbrocessess fast propel-
ling two-photonabsorbingmaterialsto the forefront of
several important fields. As the design criteria for
increasingmultiphoton absorptivity continueto evolve,
moreefficient TPA organicmaterialswill be soughtand
prepared Suchmaterialscanbe usedin 3-D volumetric
optical recording,non-destructive3-D imaging, optical
sensolprotection,photodynamidherapyand3-D micro-
fabrication.We can expectto witnessbreakthrough in
yearsto come, due to the harnessingof multiphoton
absorptionn organicmaterials.

EXPERIMENTAL

Femtosecond optical system for microfabrication and

photoisomerization experiments. A lasersystem(CPA-

2001 from Clark-MXR with an Er-doped fiber ring

oscillator seedinga Ti:sapphireregeneratioramplifier)

was usedto generate775nm light with a 150 fs pulse
width at a repetitionrate of 1 kHz and~3 mW average
power (~15uJ per pulse)** The beam width was
approximatelylOum. A computer-controlleanotorized
Xy step scannerwas employed with a scan rate of

1 mm st Monomer/initiatorfilms were spin-coatecbn

glassslides and exposedto the near-IR laser using a

variety of scan patterns.Exposedfilms were imaged
usinganopticallight microscopen reflectionmodeor by

SEM.

Laser scanning microscopy system. The laserscanning
microscopy system consisted of an Olympus IX70

inverted microscopeand Fluoview confocallaserscan-
ning systentfitted with a CW argonion laser(488nm, 5

mW) and mode-locked Ti:sapphire laser (80MHz

repetition rate, 120 fs pulse width, 815nm, 50 mW)

pumpedwith a 5W frequency-doubledNd:YAG diode
laser(Spectra-PhysicBillenia, 532 nm).

Materials. The synthesisandcharacterizatiomf fluorene
derivatives 1-7 are reportedin Refs. 8 and 12. The
synthesisand characterizatiorof perylenediimidederi-
vatives 8 and 9 are reportedin Ref. 15. 2,9-Bis(9,9-
didecy!-7-diphenylaminofluoren-2-yl) perylenediimide
(9): UV-visible (THF): Amax=261, 309 and 355nm
(235-415nm)and ) yax= 455,488and523nm (415-586
nm). Elementalanalysisfor C;14H15,4N4O,: calculatesC,
84.82H, 7.74,N 3.47%;foundC, 84.84H, 7.88N, 3.33%
'H NMR (200MHz, CDCly): é (ppm)8.72,8.70(d, 4H,
ArH), 8.59,8.55(d, 4H, ArH), 7.79,7.75(d, 2H, ArH),
7.63,7.58(d, 2H, ArH), 7.38,7.36(dd, 2H, ArH), 7.30,
7.29 (dd, 2H, ArH), 7.27 (dd, 8H, ArH), 7.23 (s, 2H,
ArH), 7.16,7.12 (bm, 4H, ArH), 7.02 (bm, 8H, ArH),
1.90 (bm, 8H, CHy,), 1.20 (bm, 28H, CH,), 1.10 (bm,
28H, CH,), 0.90-0.70(bm, 20H, CH,, CHs). *C NMR
(50MHz, CDCly), tentative assignmentsbased on

Copyrightd 2000JohnWiley & Sons,Ltd.

calculated values: § (ppm) 163.1 (peryl. C1), 152.5
(C10),151.8(C13),147.9(C2), 147.3(C2),141.5(C7),

135.5(peryl. 18),134.0(C12),132.9(C11),131.1(peryl.

15), 129.1 (peryl. C19),128.9(C4), 128.5(peryl. C4),

127.5(C4), 125.8(C5), 123.8(peryl. C16),123.4(C5),

122.9(C1), 122.5(C3), 120.8(C8), 119.7(C3), 119.2
(C6). FT-IR (KBr,cm™Y): 3060, 3033 (ArCH), 2923,
2851 (alCH), 1703, 1665 (C=0). Fulgide 10 was
preparedaccordingto a publishedproceduré® All other
materials(monomersand photoinitiators)were obtained
from commercialsourcesasidentifiedin the text.
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