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Two-Photon Absorption

Two-photon absorption has important advantages over
conventional one-photon absorption, which has led to
applications in microscopy, microfabrication, three-
dimensional data storage, optical power limiting, up-
converted lasing, photodynamic therapy, and for the
localized release of bio-active species. These applications
have generated a demand for new dyes with high two-
photon absorption cross-sections. This Review introduces
the theory of two-photon absorption, surveys the wide
range of potential applications, and highlights emerging

Angewandte

structure—property correlations that can serve as guide-
lines for the development of efficient two-photon dyes.

1. Introduction

The simultaneous absorption of two photons by the same
molecule was first analyzed theoretically in the 1930s by
Goppert-Mayer (Figure 1),/ and was first demonstrated
experimentally in 1961,%! soon after the invention of the

&
i

Figure 1. Maria Goppert-Mayer developed the theory of two-photon
absorption (2PA) in the 1930s, at about the time that she completed
her PhD. The GM unit of 2PA cross-section is named after her. She
was awarded the Nobel Prize in Physics in 1963 for theoretical work
on the structures of atomic nuclei.

laser. Two-photon absorption became easier to investigate as
sub-picosecond pulsed lasers became more readily available
in the 1990s (particularly the Ti:sapphire laser). The invention
of two-photon fluorescence microscopy by Webb and co-
workers,”! and the rapid adoption of this technique by
manufacturers of confocal microscopes, has led to an explo-
sion of interest in all types of multiphoton processes.

The main difference between one-photon absorption
(1PA) and two-photon absorption (2PA) is that 2PA involves
the simultaneous interaction of two photons, and so it
increases with the square of the light intensity, whereas 1PA
depends linearly on the intensity. This is the reason why 2PA
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is only observed in intense laser beams, particularly focused
pulsed lasers, which generate a very high instantaneous
photon density. Most of the applications for 2PA result from
this intensity dependence. 2PA is a way of accessing a given
excited state by using photons of half the energy (or twice the
wavelength) of the corresponding one-photon transition, thus
leading to other applications. In this Review we only consider
simultaneous 2PA, not processes involving the stepwise
absorption of two photons (which we call excited-state
absorption, ESA). We also only consider degenerate 2PA, in
which both photons have the same energy.

There is now a strong demand for efficient 2PA dyes for a
wide range of applications, including microscopy,”® micro-
fabrication,”? three-dimensional data-storage,®” optical
power limiting,"” up-converted lasing,""! photodynamic ther-
apy,l'”” and for the localized release of bio-active species.”!
Recently, this demand has been matched by rapid advances in
the design and synthesis of 2PA dyes. This field has been
comprehensively reviewed.'¥ Here we identify the key
principles and emerging structure—property relationships,
and illustrate these concepts by comparing the behavior of a
small number of selected chromophores. We conclude by
discussing the design of two-photon dyes for the most
prominent applications.
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2. Theory of Two-Photon Absorption
2.1. Fundamental Principles

Using assumptions equivalent to those of the Beer—
Lambert law for 1PA, the attenuation of a beam of light
resulting solely from 2PA, is given by Equation (1):

0l/0z = —Na, I’ = -NOFI (1)

where [ is the intensity, z is the distance into the medium, N is
the number of molecules per unit volume, and a, is a
molecular coefficient for 2PA. The intensity can also be
expressed as a photon flux F=/[/hv (with units of pho-
tonss"'cm™?; hv is the photon energy), in which case the
coefficient 0 in Equation (1) is adopted and is usually
reported in Goppert-Mayer units (1GM=
107" cm*s photons ™' molecule ™). ¢ is known as the molecular
2PA cross-section.

If the light is plane-polarized, the value of J for a
transition from the ground state g to a final state f at the
maximum of a 2PA band with a Lorentzian line shape is given
by Equation (2).15®

2mh? LY (1
oo = e (1)
2
where S;, = {Z (%jl,ﬂ;ﬁ)}

Here, E,; is the energy gap between the ground state and
an intermediate state i, and I is the half-width at half-
maximum of the 2PA band in energy units. The summation is
over all the states of the molecule. The factor L = (n*+2)/3
(where n is the refractive index) represents the enhancement
of the optical field in the medium relative to that in a vacuum.
The term pu,, is the amplitude of the oscillating (transition)
dipole moment (or polarization) induced by the electric field
of a light wave whose frequency matches (is in resonance
with) the energy difference between the k and [ states. The
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various transition dipole moment vectors g, rotate with the
molecule in solution, so an average must be made of their
projection onto the direction of the optical field, over all
orientations of the molecule—this is the meaning of the
pointed brackets in Equation (2). This average is not straight-
forward,"™ but the result is 1/5 if all the moments p,; and p;;
are co-parallel. This is true of the great majority of strong two-
photon absorbers, so we may omit the vector notation to give,
after some rearrangement, Equation (3):

1| (Mguy Y Hy iy
S, =-|| 2L ¢ 3
% SM hv j+,§; Ew—hv ®
%—/

T term

where A, is the change in the static dipole moment in the
final state relative to the ground state. The two parts of
Equation (3) have been described as the “dipolar” D term
and “two-photon” T term, respectively.[*’!

2.2, Essential State Models

All static dipole moments are zero and the D term is
absent in centrosymmetric molecules. The 2PA cross-section
is often dominated by the interaction of the ground state with
just two excited states. In such cases the sum in Equation (3) is
reduced to a single term, and the 2PA cross-section can be
approximated by Equation (4), where C is a constant.

2,2
~C /ugi/uif (4)

Ones ~ C (E Jhn) -1 T

The three “essential” states in this model have alternating
symmetry: both the ground-state and the final-state wave-
functions, |g) and |f), respectively, are gerade (that is,
symmetric with respect to the center of inversion), whereas
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the intermediate state |i) is ungerade (that is, antisymmetric).
For a linear molecule of D,, symmetry, these states are
labeled 1A, 1B, and 2A, as shown in Figure 2.

a) centrosymmetric
chromophore

O

b) non-centrosymmetric
dipolar chromophore

O—e

final state = |f) = 2A, [f) —2A

hv
intermediate hv
state = i) et 1B,

virtual state ——) -} .

9 (hy hv

|g)——"—1A

ground state ——)|g) = 1A,

Figure 2. Energy level diagrams for the essential states in a) centro-
symmetric and b) non-centrosymmetric chromophores. The states are
labeled for D, and C, symmetry, respectively, but the diagram is
general to the lowest 2PA transition in any centrosymmetric or non-
centrosymmetric molecule.

Transitions are one-photon electric-dipole-allowed for both
g—iand i—f. In the case of 2PA, the optical frequency v is out
of resonance with both these transitions, but it creates a
nonstationary (namely, virtual) state that is a superposition
(or mixture) of |g) and |i), in which the induced polarization
is detuned from that in the intermediate state by a frequency
difference that corresponds to an energy A= E,—hv. This
“virtual state” only exists while the molecule experiences the
field of the first photon (about 5 fs).”* The transient presence
of |i) with ungerade parity in this superposition allows the
second photon at frequency v to induce an electric-dipole
transition to the final gerade state |f). The 1A —2A,
transition is, therefore, allowed in 2PA, but forbidden in
1PA. This reversal in selection rules between 1PA and 2PA is
general to all centrosymmetric chromophores.

In non-centrosymmetric molecules, the g« f transition of
Figure 2b is electric-dipole allowed and the D term of
Equation (3) is non-zero. In this case, |f) plays the role of
| 7), and the transition now appears in both 1PA and 2PA. The
T term makes a smaller contribution in dipolar chromophores
because it relates to higher states (now |i) lies above |f), so
A>hv). If |i) lies below |f) (as in Figure 2a), then A <hv
and (assuming Auy, = u,) the D term for dipolar chromo-
phores in Equation (3) is intrinsically smaller than the T term
for centrosymmetric systems. This explains in part why most
dipolar 2PA chromophores have smaller cross-sections than
comparable quadrupolar analogues.

The magnitudes of u;. and /4;. are proportional to the one-
photon oscillator strengths, so their values can be calculated
from the linear absorption spectrum. However, u; is rarely
determined experimentally, so the design of efficient 2PA
chromophores has proceeded empirically, with guidance from
theoretical calculations of transition moments. Adding an
electron donor D and acceptor A to the ends of a conjugated
chromophore to give a D-m-A system enhances ﬂif as a

Angew. Chem. Int. Ed. 2009, 48, 3244 —3266

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

consequence of the increase in the displacement of charge
during the transition from a donor-centered HOMO to an
acceptor-centered LUMO. Centrosymmetric analogues with
D-n-A-n-D or A-m-D-m-A structures exploit the same
principle and are efficient 2PA chromophores.** %!

2.3. Molecular Orbital Descriptions

Accurate calculations of 6 need to include electron-
correlation effects known as configuration interaction (CT),*"
and thus the excited states cannot be depicted by simple
changes in the occupancy of elementary molecular orbitals.
Fortunately, this difficulty can be significantly alleviated by
using “natural transition orbitals” ”l which enable the role of
the various singly excited configurations that contribute to an
excited state to be visualized in the form of “electron” and
“hole” distributions. As an example, Figure 3 shows the

S S a S g e
| 4
HOMO -
» A
-
L a0 r's
24t\g final state
.. | T
LUMO—@ electron “mw
HOMO 4=
ol . v

1B,, intermediate state

Figure 3. Electronic structure of the 2A, and 1B, excited states of 1.
The occupancies of the LUMO, HOMO, and HOMO-1 energy levels
are illustrated on the left, and natural transition orbitals for the
“electron” and “hole” in each state are shown on the right.””

charge displacements, obtained by a time-dependent DFT
calculation, associated with u,; and u;; in compound 1, which
has a 2PA band at about 700 nm with 9d,,,,~ 500 GM that
corresponds to the 1A,—2A, transition at 3.54 eV, and a 1PA
band corresponding to the 1A,—1B,, transition at 3.31 eV.””
In the intermediate 1B,, state, the hole is uniformly spread
along the length of the chromophore, whereas the electron is
localized around the center of the molecule. Thus, the 1A,—
1B, transition results in a net displacement of charge from
the electron-rich terminals towards the biphenyl core. The
distribution of the electron in the final 2A, state is almost
identical to that in the 1B;, intermediate state, but the hole
now becomes localized on the terminals, further increasing
the quadrupolar polarization.

Figure 4 gives a grossly simplified representation of this
process, ignoring the effects of CI (in which every node in the
transition orbitals of Figure 3, other than that normal to z at
the center of inversion, has been removed). The polarization
u,; driven by the optical field of the first photon (Figure 4a) is
represented by the superposition (mixing) of the HOMO and
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a)

charge displacement
and transition dipole:

b) Homo-1 i@ @
photon 2 l
HOMO |

charge displacement »’D
and g’ansiﬁon dipole: (=
Figure 4. Simplified representation of wavefunctions and transition
dipole moments for |g)— |i) (a) and |i)—|f) transitions (b) in 1. Off-
resonance (hv # E,) for the process in (a) gives a transient virtual
state. The two columns show two instants in the optical field cycle
separated by a time interval of 1/2v (mt phase shift), during which the

optical electric field E changes direction. Red and blue represent
positive and negative amplitudes of the wavefunctions, respectively.

LUMO wavefunctions, whose intrinsic (standing-wave) fre-
quencies differ by the resonant transition frequency v. The
HOMO-LUMO mixing is represented by the addition of
their amplitudes to give a hybrid, in which the amplitude is
large on one side of the center but small on the other side.
This result implies that there is a momentary dipolar
displacement of charge. At two points in the optical cycle
(see Figure 4) with a phase-separation of m at the resonant
frequency, the mixing results in opposed dipolar displace-
ments of charge with magnitude u,,;. Notice that u,; should be
integrated over a complete optical cycle, in each half of which
charge is drawn towards the center from opposite ends of the
D-n-A-nt-D unit. An analogous single-ended D-mt-A chromo-
phore would only be polarizable in one direction (D—A), so
it would only be influenced by half of the polarization cycle,
thus reducing the magnitude of u,;.

When the optical field is on resonance, as it is in an
allowed 1PA transition, it remains in-phase with the polar-
ization and establishes a finite transition probability. When it
is off-resonance, as in the 2PA case, the phases match only
transiently—there is no 1PA transition probability, and the
polarization at the optical frequency is damped and small.
Nevertheless, the incipient presence of a hole in the HOMO
and an electron in the LUMO provides a foothold for a
second photon to drive the HOMO-1—-HOMO transition
(Figure 4b). The final outcome of 2PA is a hole in HOMO-1
and an electron in the LUMO, and this causes a quadrupolar
displacement of charge from the ends to the center that can be
described by the function (2 z>—x*—y*)—which has the form
of the angular part of a d_. orbital.

www.angewandte.org
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2.4. Evolution of & with Chromophore Length

The 2PA cross-section of a molecule depends strongly on
the length of its conjugated & system, and thus on the number
of & electrons N.. Since the transition moments y,, are related
to the distance over which the charge is displaced during a
transition, they might be expected to scale with the length of a
linear chromophore, thus giving o« N,.. However, as the
7t system becomes longer it reaches a length, known as the
“conjugation length”, beyond which—because of factors such
as loss of conformational planarity—the coherence of the
wavefunction is not maintained and the electrons become
confined to segments of the chain. At this point, u reaches a
maximum value that is independent of the notional length of
the conjugated chain. Thus, the conjugation length is a
measure of the extent of m delocalization. It is difficult to
predict the dependence of ¢ on the length of a it system, since
there are no simple expressions for the dependence of E, hv,
or ['in Equation (4) on N,. However these parameters can be
measured experimentally, so a new quantity, called the
conjugation signature S¢, can be defined by Equation (5).*

SC = 6max F((Egi/hv)_l)z = C/l;‘[li (5)

Since S depends only on the product of the transition
dipole moments, it should be a good indicator of the effective
conjugation length. One expects that ScocN? for fully
conjugated systems, and that S oc N, for a molecule consisting
of a set of small uncoupled chromophoric units. The value of
the exponent  in the scaling law Sc o< N¥ provides insight into
the strength of the i conjugation. As N, increases in a series
of linear oligomeric chromophores, k shifts from 4 to 1 as 6
reaches saturation (see Section 4.1.2.3 for examples and
further discussion of this concept).

2.5. Conclusions from Theory

The requirements for maximizing the 2PA cross-section of

a chromophore include:

1) Long, mt-conjugated chains with enforced coplanarity that
ensure large conjugation lengths that lead to high values of
Ugir His Hep and/or Aue [Eq. (3)].

2) Donor and acceptor groups at the center and ends of the
molecule that can also enhance g, i U, and/or Auyy.

3) Centrosymmetric chromophores that possess a strong 1PA
transition close to the 2PA laser wavelength, thus enhanc-
ing the 6 value when the A value is small [A=E,—hv;
Figure 2a and Equation (3); if A=0, then 2PA will be
difficult to observe because of overlap with the 1PA].

4) Chromophores with narrow one- and two-photon absorp-
tion bands. Since the area of a 2PA band is fixed by the
value of S,, a narrow 2PA band (with small I') leads
directly to a high 0,,,, value [Eq. (2)]. In centrosymmetric
chromophores, the requirement for the intermediate state
to be close to, but not overlapping with, the virtual state
leads to a need for a sharp 1PA band.
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Two factors are important when comparing the lowest
energy 2PA bands of centrosymmetric and non-centrosym-
metric chromophores:

a) The possibility of resonance with an intermediate state
| i), of roughly half the energy of the final state |f), leads to
a large T term in Equation (3) and enhances the 2PA of a
centrosymmetric chromophore. In a dipolar chromo-
phore, there can be no intermediate state that is one-
photon allowed but two-photon forbidden.

b) The transition moment u,; in a D-5-A-m-D system will be
larger than u,, for the corresponding D-m-A unit, since
D-n-A-n-D will be effectively polarized by both parts of
the optical field cycle, whereas D-n-A is easily polarized in
just one direction.

Both these factors tend to make the T term in Equa-
tion (3) larger than the D term, and lead to stronger 2PA in
centrosymmetric chromophores.

3. Measurement of 2PA Cross-Sections and 2PA
Spectra

Before discussing the structure—property relationships
that are emerging from the very wide range of chromophores
that have been studied experimentally, something needs to be
said about the techniques used for measuring 2PA cross-
sections. O values can be strongly influenced by the measure-
ment technique because of a variety of artifacts.

The two main techniques for measuring 2PA cross-
sections are known as z-scan and two-photon excited
fluorescence (TPEF). Other techniques which provide less
direct information on 2PA cross-sections (such as degenerate
four-wave mixing) or which are less widely used (such as the
white-light continuum method, fs-WLC) are beyond the
scope of this Review.

3.1. The z-Scan Technique

The z-scan method involves moving a sample along the
path of a focused laser beam and measuring the light intensity
at the detector as a function of its position along this z-axis, as
summarized in Figure 5. If the detector has a narrow
aperture (as in the so called “closed-aperture” setup), then
the output is sensitive to intensity-dependent changes in the
refractive index (as a result of third-order nonlinear polar-
izability or thermal effects) which lead to self-focusing or
defocusing of the beam. Alternatively, if the detector collects
all the light from the sample (“open-aperture” setup), then
the output only reflects the intensity-dependent transmission,

sample I detector

lens I

Z-axis aperture

laser

Figure 5. Experimental setup for the z-scan experiment.
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and can be used to measure 2PA cross-sections. Two effects

other than true simultaneous two-photon absorption can

contribute to the apparent 2PA cross-sections measured by
open-aperture z-scan experiments:?**!

1. Light can be lost due to self-defocusing (if the aperture of
the detector is too narrow or too far from the sample) or
because of nonlinear scattering; this results in extra
contributions to the apparent nonlinear absorption.

2. A build up of excited-state populations (by either one-
photon or two-photon absorption) can lead to nonlinear
transmission through excited-state absorption (ESA). The
contribution from ESA can be reduced by the use of
wavelengths where there is negligible 1PA, very short laser
pulses (< 1 ps), and low repetition rates; a repetition rate
of less than 1 kHz may be needed to allow excited triplet
states to fully decay between pulses.

The z-scan technique is very useful for probing nonlinear
transmission (for example, in the context of optical power
limiting; Section 5.9) and for characterizing nonlinear refrac-
tion (using a closed aperture). However, the two problems
mentioned above can be difficult to avoid, and tend to
enhance the apparent 2PA cross-section. For example, it has
been shown that thermal lens effects can lead to substantial
artifacts in 2PA cross-sections measured by the z-scan
technique, even when using femtosecond pulses, a 1 kHz
repetition rate, and a wavelength at which there is negligible
one-photon absorption.*!

3.2. Two-Photon Excited Fluorescence (TPEF)

The TPEF intensity provides direct information on the
efficiency of 2PA. Several variants of this experiment have
been developed since it was first reported by Xu and Webb.?"
If a suitable reference compound with a known 2PA spectrum
is available, then the simplest approach is to compare the one-
and two-photon excited fluorescence excitation spectra of the
sample and this reference sample under identical conditions.
This double-referencing method enables a large number of
variables to be automatically cancelled. Thus, it is not
necessary to know parameters relating to the excitation
light (pulse energy, pulse duration, and temporal intensity
distribution), the wavelength dependence of the efficiency of
the detector, nor the concentration and fluorescence quantum
yield of the sample. However, any uncertainty in the one-
photon extinction coefficient ¢ leads directly to uncertainty in
the value of . The TPEF technique has been optimized
extensively by Rebane, Drobizhev, and co-workers,” and
they recently reported accurate reference 2PA spectra for a
wide range of commercially available dyes, thus making the
TPEF method particularly attractive.!

TPEF experiments require the use of a pulsed laser,
typically about 100 fs, although in contrast to the z-scan
method, the accuracy of ¢ values from TPEF is not strongly
dependent on the pulse width.” As with most fluorescence
measurements, a dilute solution is used (with an optical
density of about 0.1), so small amounts of material are
required. The intensity of the TPEF signal increases with the
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square of the laser intensity; it is important to check this
quadratic power dependence, to avoid overestimating the
O value because of fluorescence contributions from 1PA.
Thus, two limitations of this technique are: 1) it cannot be
applied in spectral regions with one-photon absorption and
2) the sample must be photoluminescent. However, the first
of these restrictions is general to all techniques for measuring
reliable two-photon cross-sections. The second restriction can
be overcome in some cases by quantifying a secondary
photochemical process, such as the luminescence from singlet
oxygen generated by energy transfer from the 2PA-generated
triplet excited state of the chromophore.

In practice, 2PA cross-sections from z-scan measurements
(even using femtosecond pulses) often appear to be exagger-
ated when compared with TPEF values.’* Here we focus,
where possible, on values from femtosecond two-photon
fluorescence (fs-TPEF).

Single-wavelength measurements of two-photon cross-
sections are quick to record, but it is more informative to
compare whole spectra. Here we discuss maximum values
Omax Of the 2PA cross-sections; if these are not available we
report single-wavelength ¢ values. The errors in the determi-
nation of the 2PA cross-sections are generally greater than
10%, even under the best experimental conditions, so in the
following sections all d values are quoted to two significant
figures.

4. Design Strategies and Structure—Property
Relationships

4.1. Linear Chromophores

Two-photon absorption by organic dyes was first demon-
strated experimentally in 1963, but it was only many years
later that structure—property relationships emerged for the
rational design of 2PA chromophores. In 1997, Marder, Perry,
and co-workers reported a comparison of trans-stilbene (2)

X
O s~
2,X=H, Spax = 12 GM at 514 nm (fs-TPEF)

3, X = NBuy, 5= 110 GM at 620 nm (fs-TPEF)
4, X = NPhy, dmax = 340 GM at 680 nm (fs-TPEF)

and its derivative 3 with terminal donor substituents."® The
2PA cross-section of 3 (110 GM) is almost ten times higher
than that of the unsubstituted stilbene (2; a further increase
was observed for 4 with diphenylamine substituents).?**3 The
discovery that centrosymmetric charge transfer results in high
2PA cross-sections led to a general approach for the design of
2PA chromophores, with two donor (D) or acceptor (A)
terminals linked by a m-conjugated bridge.*!

While Marder, Perry, and co-workers were exploring
centrosymmetric chromophores, Reinhardt, Prasad, and co-
workers developed dipolar dyes with polarizable bridges.””
These D-m-A dyes exhibited strong apparent two-photon
absorption from nanosecond z-scan measurements, but sub-

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. G. Denning, H. L. Anderson et al.

sequent femtosecond measurements gave significantly lower
values in most cases (<100 GM).”*! A few dipolar systems
with rather high 2PA cross-sections, such as 55 and 6, have
been reported recently, but dipolar systems, in general, seem
to give weaker 2PA than centrosymmetric dyes of the same
size and complexity.

Bu,N Me,
2 Hex Me—-O_  CN
= N ~/
L)\ S N
| CN

5, 6max = 1200 GM
at 1440 nm (fs-WLC)

3@ 6, Omax = 730 GM

at 1250 nm (fs-TPEF)

Variation of the donor and acceptor substituents has now
become a popular approach to creating new two-photon dyes.
The research groups of Marder,”*¥**# Prasad,***! and
Blanchard-Desce?** are the leading pioneers in this field,
but many other research groups have made important
contributions. It is useful to identify simple structure—
property relationships, although the factors influencing two-
photon absorption are strongly interdependent, and it is not
possible to completely disentangle them. A proper under-
standing of two-photon absorption in any chromophore
requires a consideration of resonances with one-photon
transitions (see Section 2), but unfortunately it is often not
possible to consider these factors when identifying general
trends. Below we use a small number of examples to illustrate
the main factors influencing the strength of 2PA in organic
dyes. A more comprehensive account of multiphoton dyes can
be found in several recent reviews.!']

4.1.1. Choice of Terminal Groups
4.1.1.1. Terminal Donors

Dialkyl and diaryl amino groups are the most widely used
terminal donor groups. Oxygen-based donors (-OR) are
generally less effective; for example, compound 7 has a 2PA

Non Non

7, X = OMe, 5= 110 GM at 705 nm (fs-TPEF)
8, X = NBuUj, Syax = 1300 GM at 740 nm (fs-TPEF)

9, Smax = 4100 GM
at 780 nm (fs-TPEF)

10, X = NHex,, 8= 1200 GM at 705 nm (fs-TPEF)
11, X = SO,CF3, 8 = 83 GM at 705 nm (fs-TPEF)

X

Angew. Chem. Int. Ed. 2009, 48, 3244 —3266


http://www.angewandte.org

Two-Photon Absorption

cross-section of 110 GM, which is ten times less than that of its
nitrogen counterpart 8 (1300 GM).[*”! This observation corre-
lates with the Hammett coefficients (0; =—1.7 for -NMe,
compared to o = —0.78 for ~OMe)."* Diaryl amines seem to
be better donors in 2PA dyes (for example, compare 3 and 4)
despite their weaker electron-donating ability (o, = —1.4 for
—NPh,), but this can be attributed to their greater number of
m electrons. As expected, phenoxides are very strong donors
(0, =—4.27 for —O") and give high 2PA cross-sections, for
example, compare 9 with 7 and 8.5

4.1.1.2. Terminal Acceptors

A wide range of electron-accepting terminal groups have
been investigated,'*?**"! including many n-deficient hetero-
cycles. However, it seems that D-n-D and D-mn-A-n-D
structures are generally more effective than A-m-A and A-
ni-D-m-A systems, as illustrated by comparing compounds 10
and 1117

4.1.2. Central Bridges and Cores

There are four main parameters to consider when
comparing m-conjugated bridges: 1) the donor/acceptor char-
acter of the bridge, 2) its size (number of x electrons), 3) its
conformation (rigid or flexible), and 4) the nature of the
linkers (alkene or alkyne units).

4.1.2.1. Donor/Acceptor Properties of the Central Bridges and
Cores

Modification of the central bridge, by increasing its
donating or accepting ability, is a widely explored approach
to tuning 2PA properties. Attaching electron-withdrawing
nitrile groups to the central core increases the o value by a
factor of three in going from 12 to 13, ***Yl and by a factor of
five from 14 to 15.°Y

=H = 640 GM at 725 nm (fs-TPEF)
= CN, Smax = 1700 GM at 830 nm (fs-TPEF)

= O N OO . 2NHeX2

14, R=H, Syax = 1100 GM at 800 nm (fs-TPEF)
15, R = CN, 8,nax = 5500 GM at 980 nm (fs-TPEF)

Squaraine dyes are another class of chromophore with an
electron-accepting core. Compounds 16°% and 17! exhibit
significant 2PA. In the extreme, carbocations could be
regarded as the best electron acceptors, and porphyrin
dimers with carbocation cores have recently been shown to
exhibit very strong 2PA.P?

As mentioned in Section 4.1.1.2, chromophores of the
type D-mn-A-n-D with electron-deficient cores generally
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16, 6 =450 GM
at 730 nm (fs-TPEF)

17, Smax = 27000 GM at 960 nm (fs-z-scan)

exhibit stronger 2PA than comparable A-n-D-mt-A structures.
It may be that systems with highly electron-rich cores have
not yet been thoroughly investigated because they tend to be
less stable than electron-deficient ones in normal aerobic
environments.

4.1.2.2. Length of the & System

The size of a chromophore (as measured by the number of
x electrons N,)P* has a strong effect on two-photon absorp-
tion (see Section 2.4). Since 2PA cross-sections are molecular
quantities, linking together two chromophores in a way that
results in no electronic delocalization will simply double the
2PA cross-section (0« N,). However, if the m systems are
strongly coupled, the 2PA cross-section will increase more
strongly with N, as a result of the increase in the transition
dipole moments u, and u; When comparing 6 values of
chromophores with different numbers of m electrons, it is
useful to consider the ratio d/N..

Squaraine dyes 16 and 17 illustrate the huge increase in
the 2PA cross-section that can result from increasing the
length of a chromophore; they have normalized cross-sections
(6/N,) of 20 and 750 GM per = electron, respectively. The
exceptionally high 2PA cross-section of 17 reflects a small

detuning energy E,—hv, high transition dipole moments

and u,, and a narrow line width [small I" in Eq. (2),
Section 2.1]. Part of the difference between the values
reported for these two compounds may also reflect the
different measurement techniques.

The dependency of the ¢ value on the length is illustrated
nicely by the series of compounds 3, 12, 18, 19, and 204
(Figure 6); the ratio 0/N, increases rapidly for the first three
compounds, then saturates as the length of the molecule
exceeds the m-delocalization length.

The variation of d/N, with N, was also investigated for
butadiyne oligomers 21-25. The porphyrin dimer 22 has a
cross-section per porphyrin unit of 4500 GM, which is 200-
fold greater than that of monomer 21.5 Increasing the length
of the oligomer to the tetramer 23 (5500 GM per porphyrin),
octamer 24 (4600 GM per porphyrin), or polymer 25
(6400 GM per porphyrin) results in little improvement of
the 2PA cross-section per porphyrin ring.l*®!

A further example of the variation of d/N, with N, is
provided by the meso,-fused porphyrin oligomers 26-30
(Figure 7). Again these oligomers show a huge increase in
the d/N, ratio from monomer to dimer and this ratio continues
to increase up to the pentamer, but by smaller increments for
each additional porphyrin ring. Even higher 2PA cross-
sections have been reported for (,meso,p-fused porphyrin
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O ol O
n n

18, n

=1, 1700 GM at 740 nm (fs-TPEF)
19,n=2,

= 3300 GM at 740 nm (fs-TPEF)

/< )-voe,

3

o
[

ot W 0

20, 5= 3800 GM at 740 nm (fs-TPEF)

80 19 5
18 _-® -9
f .
SIN 40 12.,.

3,
[

Q-+

10 30 50 70

Figure 6. The normalized 2PA cross-sections (3/N,) for 3, 12, 18, 19,
and 20 showing the saturation of §/N, in the longer 7 systems 243644

21, 1= 1, 8y = 20 GM at 850 nm (fs-TPEF)

22, 1= 2, 8pax= 9100 GM at 890 nm (fs-TPEF)
23, 1= 4, Syax = 22000 GM at 960 nm (fs-TPEF)
24,1 =8, Spayx = 37000 GM at 980 nm (fs-TPEF)
25, n= 13, 8, = 83000 GM at 980 nm (fs-TPEF)

Ar
& Ar
Ar m
Ar n—1
26, n=1, 6 <100 GM at 800 nm (fs-z-scan)
27, n=2, 6= 8000 GM at 1400 nm (fs-z-scan)
28, n=3, 6=17000 GM at 1700 nm (fs-z-scan)
29, n=4, § = 30000 GM at 1900 nm (fs-z-scan)
30, n=5, 6=41000 GM at 2100 nm (fs-z-scan)
400 30
29 ‘o
T 28 &~
200 27 . ®
&/Ng hd
2/
oo
0 60 120
Ne —>

Figure 7. Normalized 2PA cross-sections for porphyrin oligomers
26-30.°
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oligomers.”* It is difficult to obtain reliable O values for these

compounds because their 1PA spectra extend far into the
near-infrared region; however, recent z-scan measurements
give 0=41000 GM for the fused porphyrin tetramer at
2300 nm, where there is negligible linear absorption.””

4.1.2.3. Conformation

Electronic coupling is optimized when a &t system adopts a
planar geometry, thereby maximizing m-orbital overlap, so
two-photon absorption is sensitive to the conformation of the
central mbridge. For example, comparison of 31 (with a

v~/ ¢ ) SVa g

31, 6 = 1000 GM at 730 nm (fs-TPEF)

flexible biphenyl bridge)*”! with 8 or 18 (with rigid fluorene
and dihydrophenanthrene bridges, respectively) shows that
fixing the conformation of the biphenyl unit increases the
value by about a factor of 1.3-1.7.

A beautiful illustration of the influence of the dihedral
angle on 2PA cross-sections was reported by Osuka, Kim, and
co-workers for meso-linked porphyrin dimers 33-38.°% The

Ar,
Ar
Ar
Ar
Ar 32, =100 GM
at 800 nm (fs-z-scan)

33, n=6(0=80°), 6 =3500 GM
34, n=5(0=77°), 6 =3900 GM
35,n=4(6=71°), 5=4800 GM | at 800 nm
36, n=3(0=48°), 6=6100 GM (fs-z-scan)
37, n=2(0=42°), 6=6300 GM
38, n=1(60=36°), 6=7500 GM

mean dihedral angle 6 between the two porphyrin & systems
(estimated by molecular mechanics calculations) was adjusted
by changing the length of a “strap” between the two
macrocycles. UV/Vis spectroscopic studies have shown that
shortening the strap increases the planarity and rigidity of the
dimer, thereby resulting in greater conjugation. In the parent
dimer 32, with no strap, the porphyrin rings are essentially
orthogonal (6~/90°, 6 =100 GM), and decreasing this angle
to 80° results in a 35-fold increase in J (33, 3500 GM). The
largest two-photon cross-section was 7500 GM for 38, which is
similar to the values for conjugated porphyrin dimers 22 and
27.

Conformational control can also be achieved by self-
assembly. Restricting the free rotation of conjugated porphy-
rin oligomers enhances the electronic communication and so
increases the 2PA cross-section. The formation of rigid
double-strand ladder complexes of butadiyne-linked oligom-
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ers 39-42 with 4,4'-bipyridyl) results in a dramatic increase in
the 2PA cross-section to around 1300 nm from the butadiyne-
coupled oligomers 22-25.%%1 A comparison of the conjugation

Hex;Si—— w —SiHex;

39,1 =2, 6max = 13000 GM at 880 nm (fs-TPEF)
40, n =4, 8,5 = 18000 GM at 1305 nm (fs-TPEF)
41,1 =8, 8oy = 98000 GM at 1315 nm (fs-TPEF)
42, n=13, 8,y = 230000 GM at 1325 nm (fs-TPEF)

signatures Sc [see Eq. (5), Section 2.4] for 39-42, shows that
ScocN* for the double strands up to the tetramer 40, thus
indicating that there is complete mt delocalization over all four
porphyrin units. There is a weaker dependence of S- on N, in
the corresponding single-strand oligomers 22-25. However,
Wasielewski, Kim and co-workersP® showed that while the
formation of a double strand enhances the 2PA cross-section
of a conjugated porphyrin trimer, surprisingly formation of a
triple strand, by using a tridentate ligand, has the opposite
effect. It appears that 2PA in these arrays is still not well
understood.

4.1.2.4. Comparison of Vinylene (sp?) and Ethynylene (sp) Bridges

In general, ethynylene-linked (-C=C-) systems are less
conjugated than the corresponding vinylene-linked (trans-
CH=CH-) systems, because there are m—x and *—m* energy
mismatches at C(sp')—C(sp?) connections, and because alter-
nation of the bond length is greater with acetylenes.””!
However, this has little effect on 2PA; for example, the o
value of 8 is only 5% greater than that of 10, and that of 31 is
only 15% greater than that of 43. (The experimental error in
the determination of the ¢ value is about 10 % .["!)

ot e D=

43, 5=2890 GM at 705 nm (fs-TPEF)

When steric congestion is an important issue, as in meso-
linked porphyrins, ! acetylenic systems tend to be more
conjugated, because, unlike a vinylene linker, an acetylene
cannot twist out of conjugation. For example, Rebane,
Spangler, and co-workers showed that the vinylene-linked
porphyrin 44 has a lower cross-section than the ethynylene-
linked porphyrin 45./°
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44, link: /7
45, link: ==+, 8nax = 730 GM at 820 nm (fs-TPEF)

, 8max = 560 GM at 914 nm (fs-TPEF)

Ethynylene and vinylene linkers have also been compared
in porphyrin dimers. The ethynylene-linked dimer 46 shows a
400-fold increase in 2PA cross-section when compared to the

Ar Ar
y Cime ) .
Ar Ar
46, link:---="--1, R = H, dnax = 8200 GM at 820 nm (fs-TPEF)

47 link: /7" R=Ph, 8y = 60 GM at 975 nm (fs-TPEF)

48, link:---=—="+-; R = H, 8ay = 5500 GM

at 830 nm (fs-TPEF)

= \_/ N-Me I~

Smax= 17 000 GM at 916 nm (fs-TPEF)

49, link:---=—=---R=--

parent monomer.*>%! Changing the central bridge to vinylene
in 471 disrupts the communication between flanking por-
phyrin rings, and significantly reduces the two-photon cross-
section (60 GM). The crystal structure of 47 confirms that the
7 system is twisted (the C-CH=CH-C bridge makes an angle
of 45° to the mean plane of each porphyrin). However, the
low 2PA cross-section measured for 47 also reflects its broad
one-photon absorption band, which limits the accessible
window for TPEF measurements. Changing the ethynylene
bridge in 46 to a butadiyne unit to give 48, slightly reduces the
2PA cross-section, despite increasing the length of the
7 system.”>%! Extending m systems by adding acetylene
terminal groups to form 22 increases the 2PA cross-section
(see Section 4.1.2.2). A further enhancement in the ¢ value is
achieved in dimer 49 by adding electron-withdrawing termi-
nal groups (0p.,=17000 GM; 8800 GM per porphyrin, o/
N, =240 GM).! This compound is a promising lead structure
for two-photon excited photodynamic therapy (Section 5.6).

4.2. Two-Dimensional Chromophores
4.2.1. Porphyrins and Expanded Porphyrinoids

Large, m-conjugated macrocycles, such as porphyrins, are
good candidates for two-photon dyes because of their high
transition dipole moments. Most simple porphyrin monomers
show small 2PA cross-sections (<50 GM),*%! although a
high 6 value has been reported for porphycene 50, an
isomer of tetraphenylporphyrin. Very high 6 values can be
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Ph Ph

Ph Ph

50, 6 =2300 GM
at 770 nm

51, R = 2,4,6-tri-tert-butylphenyl
8= 7200 GM at 1380 nm (fs-z-scan)

achieved in conjugated porphyrin arrays (see Sec-
tion 4.1.2.2).% Two-dimensionally extended porphyrin x sy-
stems also display strong 2PA, as illustrated by azulene-fused
system 51 developed by Osuka and co-workers.*’

Expanded porphyrin analogues have been reported to
exhibit strong 2PA. Ahn et al. have compared the 6 values for
two types of hexaphyrin:" [26]hexaphyrin(1.1.1.1.1.1) 52

52, Ar= C6F5
§=9900 GM
at 1200 nm (fs-z-scan)

Ar H Ar
= 53, Ar= C6F5
Ar Ar 8=2600 GM
_ at 1200 nm (fs-z-scan)
N
Ar H Ar

with 6/N, =260 GM per w electron exhibits a value compa-
rable to oligomeric porphyrins, while a two-electron reduc-
tion of the macrocycle to form [28]hexaphyrin(1.1.1.1.1.1) 53
reduces the O value by a factor of four. This observation
suggests a relationship between the aromatic (52) or anti-
aromatic (53) character of the molecule and its 2PA. Osuka,
Kim, and co-workers have extended the family of expanded
porphyrins and confirmed that aromatic macrocycles gener-
ally give higher 2PA cross-sections than non-aromatic ones
(as illustrated by octaphyrin complexes 54 and 55;
Figure 8)."

Spectacularly high two-photon cross-sections have also
been reported for a core-modified hexaphyrin.”? However,
these results come from z-scan measurements with a high
repetition rate (50 MHz) in a spectral region with appreciable
one-photon absorption, so the apparent 2PA cross-section is
difficult to interpret. Together, these findings suggest that
expanded porphyrins, heteroporphyrins, and other porphyrin
analogues are an exceptionally promising class of chromo-
phores for two-photon absorption. Very recently, the 2PA
cross-sections of large cyclic oligothiophene macrocycles 56—
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Hiickel, double-sided
4n n electrons, antiaromatic
& =690 GM
at 1240 nm (fs-z-scan)

Mabius, single-sided
4nx electrons, aromatic
= 6400 GM
at 1440 nm (fs-z-scan)

Figure 8. Relationship between geometry and aromaticity: Hiickel and
Mébius forms of palladium complexes of [36]octa-
phyrin(1.1.1.1.1.1.1.1) with X-ray structures (adapted from Ref. [71a]).

59 were investigated by Goodson, Tyoda, and co-workers.™!

The absolute values of the 2PA cross-sections increase across
the series, but the normalized values (0/N,) saturate at
compound 57 (Figure 9).

56, =1, dmax = 15000 GM
87, n =2, 8pay = 67000 GM at 710 nm
58, 1= 3, Opayx = 83000 GM [ (fs-TPEF)
59, n=4, §pay = 110000 GM
600 57 g3 59
I""---.
T 300
A 56,
[ ]
% 150 250
Ne —

Figure 9. Normalized 2PA cross-section values for cyclic oligomers
56-59."
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4.2.2. Branched Planar Chromophores

Trigonal branched octupolar systems form a separate
group of 2PA-active compounds that have been widely
explored in parallel with linear dipolar and quadrupolar
chromophores. If the electronic coupling between the
branches is weak, the cross-section increases linearly with
the number of branches, but in some cases a much steeper
increase in the J value is observed. The first branched 2PA
dyes were reported by Prasad and co-workers in 1999.1” They
tested the influence of branching by linking previously
characterized dyes to a central m-conjugated core such as a
triphenylamine to give 60-62 (Figure 10). They observed a

: | {Bu
}\I'I

60, n=1, 5= 87 GM
61,n=2, 5=270 GM } at 796 nm (fs-TPEF)
62, n=3, 5=600 GM
Me NMe,
N \ y)
SN 64, 5= 1100 GM
N 63, 5= 340 GM at 800 nm (fs-TPEF)
at 800 nm (fs-TPEF)
NP N
MesN |
saaaet
NMe,
et 65
\ 60
} 64
SIN. 40
e 63
MesN =0 60 61 62
65, 5= 2400 GM S 2 3

at 800 nm (fs-TPEF) number of branches —

Figure 10. Normalized 6 values for the compound series 60-62 and
63-65.1>7

non-additive increase in the two-photon absorption cross-
section. The normalized values for the series (60, /N, =3.9;
61, 6/N.=82; 62, 6/N.=13) demonstrate a cooperative
enhancement of the 2PA efficiency.

Electron-deficient triazine cores have also been used with
electron-rich side arms (63-65)." An improvement in the
2PA cross-section was observed, with a cooperative trend
(1:3.3:7.0 for 63—64—65)). The normalized values show that
electron-donating branches with an electron-poor core (63—
65) give greater 2PA than the inverse system (60-62)
(Figure 10).

The annulenes 66-68, reported by Haley, Goodson, and
co-workers,””! provide another clear example of cooperative
enhancement (6/N,=0.4, 7.2, and 17 for 66, 67, and 68,
respectively). Although there is a strong increase in the
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66,6=11GM
at 780 nm (fs-TPEF)

67, R = Decyl
Smax = 390 GM
at 780 nm (fs-TPEF)

68, R = Decyl
Smax = 1300 GM
at 780 nm (fs-TPEF)

O value with the number of branches, the normalized values
are modest.

4.2.3. Dendrimers

Dendrimers constructed from conjugated chromophores
have been widely explored because of their potential
application in nonlinear optics, as artificial light-harvesting
systems, in light-emitting diodes, and for biological imaging.
Drobizhev et al. have reported the photophysical character-
ization of dendritic chromophores 69-71 (Figure 11) based on
trans-stilbene.™ It is interesting to compare these dendrimers
with stilbene 4 (Section 4.1). The normalized cross-section (6/
N,) shows a strong increase for the first generation dendrimer
69 compared to 4, but then declines for the higher generation
dendrimers.

Acetylene-linked dendrimers based on a triarylamine
core have been investigated by Blanchard-Desce, Goodson,
and coworkers.[*] Their behavior is very similar to that of 69—
71; again an increase in the d/N, ratio is seen for the first
generation followed by saturation for the second.

4.3. Conclusions on Design Strategies, Structure—Property
Relationships, and Figures of Merit

The normalized 2PA cross-section 6/N, (where N, is the
number of melectrons) is a useful figure of merit for
comparing two-photon chromophores. Recently, several
dyes have been reported with 6/N, >200 GM per = electron.
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69, R=H
6= 2800 GM

at 705 nm (fs-TPEF) @
R
VaVal W

70, R =-
5= 4500 GM
at 714 nm (fs-TPEF) sBu
n, R=J‘©N I\ ) N:
5=11000 GM
at 713 nm (fs-TPEF)
40 sBul,
69
T 20 70 71
S5IN, 4

Go Gt G2 G3
dendrimer generation —

Figure 11. Comparison of normalized 2PA cross-section values for
dendrimers 69-71 (the reference compound 4 is included as the zero
generation).*7¢

These chromophores are strikingly diverse, and they originate
more from serendipity than from rational design. The classic
D-n-A-n-D motif has been explored extensively, and can
work well—as in, for example, squaraine 17 (6/N, =750 GM
by z-scan), but the presence of donors and acceptors is not
essential, as illustrated by the thiophene-acetylene macro-
cycle 57 (6/N. =510 GM by TPEF). Conformational rigidity
and strong s conjugation is a common feature of all these
leading 2PA dyes. Conjugated porphyrin oligomers often
exhibit strong 2PA, such as butadiyne-linked dimer 49 (6/N, =
240 GM by TPEF), and p,meso-fused pentamer 30 (6/N,=
320 GM by z-scan). Aromatic expanded porphyrin analogues,
such as hexaphyrin 52 (Aro6 GM by z-scan), are another
important category.

Maximizing the 2PA cross-section is not the only consid-
eration when designing a two-photon dye. It is often useful to
pack the maximum effect into the smallest possible chromo-
phore, which is one reason why O/N, is such a useful
parameter. Sometimes it can be more relevant to divide the
0 value by the molecular weight, molecular volume, solubility
limit, or maximum achievable number density N of the dye
[see Eq. (1), Section 2). Molecular weight is a critical factor
for biological dyes, for rapid delivery across membranes. The
relevant figures of merit and design criteria depend on the
target application (see Section 5).
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Most applications use two-photon excitation to activate a
spacially localized function. A useful figure of merit is the
factor 0 @, the product of the 2PA cross-section and the
quantum yield @ for the function of interest (fluorescence,
initiation of polymerization, generation of singlet oxygen, or
photochemical activation of a drug). The energy and lifetime
of the excited state generated by 2PA is an important
consideration, because it can influence this quantum yield.
Large and strongly conjugated chromophores tend to have
small S-S, energy gaps, and rapid S;-S, nonradiative internal
conversion. Such low-energy short-lived excited states may
not be useful for fluorescence or photochemical activations.
Porphyrin dimer 49 illustrates this compromise: it has fairly
high quantum yields for fluorescence and the generation of
singlet oxygen (®@z=0.10 and &,=0.70, respectively, in
methanol);®! longer and more strongly coupled conjugated
porphyrin oligomers exhibit higher 2PA cross-sections, but
dramatically lower quantum yields."””’ Most of the leading
two-photon dyes with 6/N, >200 GM have such large con-
jugated m systems that their fluorescence occurs in the near-
infrared region at 700-1200 nm. The family of thiophene-
acetylene macrocycles such as 56 (fluorescence: A, 603 nm,
@:=0.08) is an interesting exception to this trend; they are
the only chromophores listed above with 6/N, >200 GM to
fluoresce in the visible range.

5. Applications of Two-Photon Excitation
5.1. Optical Principles

The differences between one- and two-photon excitation
can be appreciated by considering a confocal fluorescence

microscope (Figure 12). The optics of this instrument are
designed to both irradiate and collect emitted light from a

spectral pinhole
laser filter aperture
emission
— detector
beamsplitter

excitation
density
‘ .

Figure 12. Diagram of a confocal fluorescence microscope. A pulsed
infrared laser beam is tightly focused in the sample with 2PA« I%, so
excitation is confined to the focal region. Emission therefrom, after
spectral filtering, is imaged on, and transmitted by, the pinhole; light
from other regions is largely rejected. A 3D image is created by
translation of the sample relative to the focus. The insert shows the
50% excitation volumes for TPA and 2PA, assuming 1=2800 nm,
NA=1.4.
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small volume at the focus of the objective. The focal volume is
scanned through the sample to build a map of the emission
intensity. If the molecular absorption requires a single photon,
the excitation density in the focal region is proportional to the
local intensity, whereas the density of two-photon excitation is
proportional to the square of the intensity and so falls off
rapidly away from the focus. The 2PA excitation volume is
therefore smaller and increases the resolution of the micro-
scope. This advantage is exploited not only in fluorescence
microscopy,®>°! but also in many other applications (see
Sections 5.2-5.8).

5.2. The Focal Volume

A collimated beam of monochromatic light of uniform
intensity can be focused to a spot whose diameter is propor-
tional to the wavelength and inversely proportional to the
numerical aperture (NA) of the lens.®” The excitation
volume can be defined as the ellipsoid within which the
density of excitation is more than 50 % of that at the center of
the focus. The highest resolution (and thus the smallest
excitation volume) routinely available is provided by oil-
immersion objectives with a NA of 1.4. In this case, the width
of the excitation volume at a wavelength of 800 nm is 0.29 um
for 1PA and 0.21 um for 2PA (see insert in Figure 12).
However, the resolution is much poorer in the direction
parallel to the beam: the length of the excitation volume is
1.08 um in the 1PA case, and 0.78 um in the 2PA case. The
excitation density across the focus in the axial and radial
directions is plotted for 1PA and 2PA in Figure 13a. The
length/width ratio of the excitation ellipsoid is about 3.7:1;
this ratio is a realistic lower limit, and it increases sharply as
the NA of the objective decreases.

The intensity at axial distances greater than 1 um from the
focus exhibits small periodic fluctuations as a result of
interference effects, but its average obeys the inverse square
law; at 1.1 pm it is a factor of about 10* smaller than at the
focal point, while at 10 um this factor is about 10*. The
corresponding 2PA excitation densities are therefore 10* and
10® smaller than at the focus, thus making it possible to
address a small volume element (voxel) deep within a sample
without inducing any significant response in the surrounding
material. Figures 13b and 13c show that excitation of a
fluorescent dye (fluorescein) by 1PA (at 488 nm) generates a
stream of emission along the beam path, whereas 2PA (at
960 nm) gives a sharp point of emission at the focus. In
Figure 13 b, the concentration of the dye is so high that most
of the 1PA occurs before the light reaches the focus. Under
more dilute conditions the one-photon excited emission
would be hour-glass shaped.

5.3. Advantages of Two-Photon Excitation

The size of the focal volume is proportional to the
wavelength and, because the contraction in the excitation
volume achieved by going from 1PA to 2PA is less than a

factor of two (see insert in Figure 12, or Figure 13a), the
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Figure 13. a) Excitation density as a function of axial and radial
distance from the focal point (green: 1PA; red: 2PA; solid line: axial,
dashed line: radial; NA=1.4, 1 =800 nm). Localization of the excita-
tion of fluorescein: b) single-photon excitation by focused light

(488 nm; 0.16 NA); c) two-photon excitation using focused (0.16 NA)
femtosecond pulses of 960 nm light. Parts (b) and (c) reproduced
from Ref. [5] with permission.

resolution achieved from 2PA at 800 nm will be less than that
from 1PA at 400 nm. However, two factors give 2PA a
decisive advantage: 1) the sample will invariably have much
larger absorption and scattering losses at the shorter wave-
length, and short-wavelength irradiation often causes photo-
chemical damage in biological samples, and 2)the much
sharper contrast in the excitation density prevents the
occurrence of parasitic emission or photochemical conversion
outside the focal volume.®! Figure 14 illustrates the spatial

Figure 14. Two-photon confocal microscope images of fibroblast cells
using fluorescent stains for DNA (blue; 4',6-diamidino-2-phenylindole,
DAPI), plasma membranes (green; PATMAN), and mitiochondria (red;
tetramethylrhodamine). Scale bar: 5 um. Reproduced from Ref. [5] with
permission.
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and spectral resolution obtainable in a confocal microscope
under two-photon excitation in a specimen of stained
fibroblast cells.”’

5.4. Tracers, Probes, and Sensors

In their simplest incarnations, 2PA dyes have been used as
tags to track the migration of nonfluorescent drugs inside
cells. For example, Prasad and co-workers employed a D-nt-A
stilbene dye to trace the cellular pathway by which a
chemotherapeutic doxorubicin conjugate enters and localizes
within human breast cancer cells.”” Recently, TPEF stains
have been developed for specific subcellular structures and
organelles.™ The most important parameter for these dyes is
their brightness (@ 0d): the product of their 2PA cross-section
(0) and their fluorescence quantum yield (@5). Probe 72 has

o] @0 = 80 GM at 800 nm

~ ) o
C10H21 in hydrophobic liposomes
Ho\n/\ N 72

0 Me

@:6=10 GM at 800 nm
in hydrophilic liposomes

been employed to visualize lipid rafts in live tissues by using
two-photon microscopy. It displays an eightfold enhancement
in brightness when encapsulated in hydrophobic liposomes
(D0 =80 GM) as compared to hydrophilic liposomes (@0 =
10 GM).[I The main reason for this is a change in @ rather
than a change in 9.

Several two-photon dyes have been designed to exhibit
TPEF that is sensitive to the concentrations of metal cations
or anions as well as to changes in the pH value. In most cases,
coordination to the analyte changes the electron-donating
nature of the terminal group of the dye. Nearly simultaneous
publications by the research groups of Marder®®! and Chol®!
reported aza-crown ethers where the nitrogen atom of the
macrocycle acts as the donor in a D-n-A-n-D chromophore.
The complexation of Mg** to 73 brings about a 50-fold

o CN o

5 N (—O o

¢ SO )
fo) (@)
\\/OJ NC o

73, Gmax = 2200 GM at 810 nm (fs-TPEF), & = 0.20

Mg2*73, 6 = 45 GM at 810 nm (fs-TPEF), & = 0.19

reduction in the J value at 810 nm (presumably by reducing
the donor strength of the lone pair of electrons on the
nitrogen atom) while not affecting the fluorescence quantum
yield.®

Recent work has focussed on designing highly selective
two-photon sensors for specific metal cations, and of these
zinc chelators have received the most attention. In some
cases, fluorescence is suppressed by cation binding,®!
whereas in others chelation enhances both the 6 and
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@r values.®! For example, in 74% coordination of the
pyridine ring at the end of the chromophore to Zn>" makes
this substituent a better electron acceptor, thereby enhancing
the o value. This approach has been extended to chelators for
heavy-metal cations including mercury® and cadmium,®’
and to fluoride anions.™ Sensitive 2PA pH probes have
also been developed by using the same principle.”V

=
|
2N N F
MeO\Q\CI S N
\|

F
74, Syax = 31 GM at 690 nm (fs-TPEF), & = 0.35
Zn2*74, Sypax = 77 GM at 730 nm (fs-TPEF), @ = 0.71

5.5. Photoactivation and Drug Delivery

Two-photon-initiated release (uncaging, that is, deprotec-
tion) of bioactive molecules is an extremely powerful tool for
fundamental research in the life sciences. Neurophysiologists
are especially interested in controlling neuronal circuits by
achieving rapid, localized release of neurotransmitters, pro-
teins, and ions. Compared to the dyes discussed in Section 4,
the chromophores currently used for the uncaging have
extremely small 2PA cross-sections. These J values are often
determined by measuring the amount of femtosecond two-
photon excited photochemical products (fs-TPEPP); this
method is analogous to fs-TPEF (Section 3.2). The majority
of the dyes used for two-photon uncaging have been adopted
from traditional one-photon microscopy and have not been
optimized for nonlinear excitation. The neurotransmitter
glutamine is the most widely used 2PA-activated caged
compound. The 4-methoxy-7-nitroindolino glutamate deriv-
ative has led to considerable advances in understanding
neuronal signaling, despite its extremely small 2PA cross-
section (0.06 GM).”>**! Photolabile masked glutamates, based
on coumarin (75, Scheme 1)/ and stilbene!®! dyes, with
larger 0 values have been explored. The 2PA-initiated release
of calcium is also vital for analyzing molecular processes at
single synapses. To date, the most promising caged calcium
compound 76 has a 2PA cross-section of just 0.6 GM.P
Another interesting example of two-photon-initiated release
is the neurotransmitter NO from a nitrosyl complex, as
reported by Ford and co-workers.”) Here a porphyrin serves
as an intramolecular antenna to sensitize a metal cluster.

Encapsulation in micelles and lipsomes is a widely used
strategy for drug delivery. If the stability of the construct can
be controlled by 2PA, then high local concentrations of an
active compound can be released selectively in diseased
tissues. The first demonstration of a micellular system which
degrades after 2PA was reported by Fréchet and co-work-
ers” who used a synthetic micelle produced from 77
(Scheme 2). This diazocompound undergoes a Wolff rear-
rangement upon optical excitation, thereby increasing its
hydrophilicity and destroying the micelle.
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Scheme 1. Two examples of two-photon-excited photoactivation:
a) uncaging of glutamatic acid® and b) uncaging of calcium.”

76, 6=0.6 GM
at 720 nm (fs-TPEPP)
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D

R
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77, Smax = 0.22 GM
at 800 nm (fs-TPEPP)

Scheme 2. This two-photon-excited Wolff rearrangement of 77
(R=SO,NH (CH,);;CO,(CH,CH,0),,C,Hs) gives a hydrophilic product
which leads to micelle disintegration and guest release.”®

5.6. Photodynamic Therapy

The benefits that 2PA brings to microscopy also translate
to photodynamic therapy (PDT).” One-photon PDT is
widely used to treat cancers of the skin and hollow organs,
as well as the eye disease macular degeneration. PDT employs
a photosensitizer, which is harmless in the absence of light, to
induce damage upon optical irradiation. The phototoxicity of
these photosensitizers is primarily due to singlet oxygen,
which is generated by energy transfer from the excited state of
the sensitizer to molecular oxygen. The quantum yield @, for
the generation of singlet oxygen is a key parameter for drug
prototypes. Two-photon PDT should confine excitation of the
photosensitizer to the focal volume. The longer-wavelength
(near-IR) light required for two-photon excitation also
penetrates deeper into living tissues than visible light. These
advantages make 2PA PDT of particular interest in neurology
and ophthalmology, where there is a need to improve
therapeutic targeting whilst simultaneously minimizing inva-
siveness.

Two-photon PDT has often been proposed as a means to
improve treatment depth and targeting.['"'®? The first
conclusive demonstration of 2PA PDT was reported in 1997
by Wachter and co-workers, who used a psoralen-based drug
to kill Salmonella typhimurium bacteria in vitro.'” Subse-
quently, clinically approved porphyrin derivatives have been
used to demonstrate two-photon-excited destruction of
cultured eukaryotic cells"® and blood capillaries in chicken
embryos."™ In all these studies, the small 2PA cross-sections
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of the drugs (< 100 GM) necessitated the use of laser powers
close to the tissue-damage threshold. Two-photon PDT with
these sensitizers is impractical as a clinical treatment: the
cumulative effect of scanning the focus through the disease
volume would cause indiscriminate photodamage. New
photosensitizers with high 6 values are needed to allow a
significant reduction in irradiation intensities and treatment
times, and make 2PA PDT an attractive therapeutic strategy.

A common method for improving the 2PA efficiency of a
photosensitizer is to attach two-photon dyes to harvest light
and funnel energy to the drug by Forster resonance energy
transfer (FRET). Fréchet and co-workers have attached eight
“antenna” 2PA dyes to a porphyrin core; the resulting
dendrimer was used to demonstrate the production of singlet
oxygen through two-photon excitation, although it has not yet
been engineered for aqueous solubility or biological evalua-
tion.'%! Intracellular delivery has been achieved for another
FRET conjugate 78 by including a peptide (octreate) that

targeting
agent

PhoN

@ cl
porphyrin

O, sensitizer

dye for imaging

N

78, Sax = 2200 GM at 820 nm (fs-TPEF)

Na0;S O5™

targets a somastatin receptor commonly over-expressed in
human cancer cells.' The porphyrin core of 78 is substituted
with two distyrylbenzene dyes to improve the 2PA cross-
section and a cyanine dye to facilitate fluorescence imaging
studies. This construct has been used to demonstrate PDT in
highly scattering tissue models. In practice, the photosensi-
tizer and 2PA dye may not need to be covalently bound; co-
encapsulation in silica nanoparticles has been shown to
induce a phototoxic effect invitro upon excitation with
femtosecond pulsed near-IR light.['"”
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The other approach to designing 2PA photosensitizers is
to adapt 2PA chromophores that produce singlet oxygen
efficiently. For this reason, porphycenes such as 50 and the
water-soluble squaraines related to 17!'®! have been proposed
for 2PA-PDT.*! The latter dyes have been shown to
accumulate in cultured cells without affecting cell viability.
Particular attention has been focused on acetylene-linked
conjugated porphyrin dimers, such as 49 (Section 4.1.2.4) and
79, as the basis for new 2PA drugs. Kobuke and co-workers

79 (R = CH,CH,CO,Na)
80 (R = Oct), dmax = 7600 GM at 887 nm (fs-z-scan)

have studied self-assembled imidazolyl porphyrin dimers:
coordination to form 80, a dimer of dimers, gives a twofold
enhancement of the 2PA cross-section per porphyrin (0., =
1900 GM per porphyrin) compared to the disaggregated
dimer (0 =900 GM per porphyrin). The increased 2PA
efficiency is attributed to an enhanced transition dipole
moment by exciton coupling between the dimers. The water-
soluble derivative 79 has been introduced into cells and
induces cell death upon one-photon excitation.'””

We recently reported a family of hydrophilic, conjugated
A-n-D-n-A porphyrin dimers which are nontoxic in the
absence of light.®) Compound 49 (Section 4.1.2.4) is the first
drug with a large 2PA cross-section (0, =17000 GM) that
has been proven to induce a two-photon PDT effect in vivo.
Two-photon excitation of 49 selectively occluded arteries
(45 pm diameter, Figure 15) in a living mouse, whereas the
leading commercial photosensitizer Visudyne was inactive
under these conditions. These new compounds represent only
the first generation of 2PA PDT photosensitizers. Further

Figure 15. Targeted two-photon-induced arterial closure using the 2PA
photosensitizer 49. Optical Doppler coherence tomography images
pre- (a) and post-treatment (b) are overlaid on the pretreatment
stereomicroscope image to show blood flow (red). The blood flow in
the targeted artery is from left to right. The white boxes indicate the
irradiated region (scale bar, 400 um). Reproduced from Ref. [65] with
permission.
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optimization is needed, not only to increase their therapeutic
efficiencies, but to impart appropriate biodistribution and
pharmacokinetic behavior.

5.7. Microfabrication

Two-photon excitation is widely used to fabricate three-
dimensional microscopic structures with sub-micrometer
resolution.”! This technique achieves contrast in solubility
by using the photoinitiated polymerization or depolymeriza-
tion reactions that are the basis of many lithographic
processes. If a micrometer-sized structure is to be fabricated
at a depth of several tens of micrometers, the material above
and below the focus will be continuously exposed at low
intensity while the focal volume traces out the structure.
Single-photon excitation can therefore lead to substantial
photochemistry outside the focal volume, with the consequent
loss of lithographic contrast and definition. Two-photon
microfabrication is a rapidly expanding field of research,
and there is only space here to give a brief introduction.
Several detailed reviews of this field have been published
recently. 110111

Suitable resists for microfabrication are based on 1) the
radical polymerization of acrylates, 2)the acid-catalyzed
cationic polymerization of epoxides, and more recently
3) the polymerization of As,S, glasses to give a cross-linked
insoluble inorganic framework.!""?! Cationic polymerization is
usually preferred because radical polymerization can lead to
uncontrolled diffusion that lowers the spatial resolution,
while also being susceptible to oxygen quenching. In most
examples of 2PA microfabrication, the initiators are those
established in conventional lithography, and the writing speed
is limited by their small 2PA coefficients. Major improve-
ments in fabrication speed are therefore possible by combin-
ing a sensitizer with a large 2PA cross-section with an initiator
with a high quantum efficiency. An example is compound 81

§§ 2SbFg"

81, =690 GM at 705 nm (fs-TPEF)

(a derivative of 12, Section 4.1.2.1), in which a quadrupolar
2PA dye is covalently linked to dimethylsulfonium groups.!'**!
Their proximity ensures efficient electron transfer from the
excited state of the dye to the oxidizing sulfonium centers,
whose fragmentation leads to the efficient generation of acid.

Two examples of 2PA microfabrication, and confocal
imaging, are illustrated in Figure 16.''%15 In both cases SU-8
epoxy photoresist containing a photoacid generator and an
acid-sensitive coumarin dye is used. Excitation of the former
creates free acid, which can be mapped by the excitation at
543 nm, because protonation of the coumarin increases its
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Figure 16. Microfabrication in photoresist resin: a) Confocal fluores-
cence microscope image of the acid distribution introduced by 2PA
writing. b) SEM image of the object obtained by thermal polymeri-
zation, followed by development in a solvent that dissolves the
unexposed photoresist.""* ¢) Simulated target structure and d) confo-
cal micrograph after 2PA writing of waveguide elements into a
photonic crystal structure."”!

absorption at this wavelength (Figure 16a).l"* The sample is
then heated and the acid initiates polymerization; after
washing, an insoluble material is left in the regions exposed
to light. The structure can then be imaged by scanning
electron microscopy (SEM, Figure 16b). To produce the
structure shown in Figure 16c,d, the sample was initially
exposed to a face-centered cubic interference pattern gen-
erated by the 1PA of four UV laser beams (355 nm), thereby
creating a latent “photonic crystal” with a lattice spacing of
600 nm.""™! Prior to heating, the coumarin fluorescence was
used to align a subsequent exposure, and a waveguide
structure was added by 2PA activation of the photoacid at
660 nm. The device structure is effectively confined within a
thickness of 1.2 um.

Figure 17 shows a “log-pile” photonic crystal made by
2PA writing in an SU-8 epoxy photoresist, subsequently
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Figure 17. SEM images of a “log-pile” photonic crystal made by 2PA
writing in an SU-8 epoxy photoresist, subsequently rendered into
silicon by a templating process."®

Angew. Chem. Int. Ed. 2009, 48, 3244 —3266

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewan

rendered into silicon by a templating process."'® The
approximatly 300 nm wide lines have a depth of about
1.0um when the crystal is viewed in cross-section
(Figure 17, bottom left), as expected from the shape of the
focal ellipsoid (Figure 12). The solubility of a photoresist is a
nonlinear function of the exposure dose, so it is usually
possible to arrange for only the maximum intensity in the
focal volume to generate insoluble polymer. Thus, it is
possible to fabricate objects with smaller dimensions than
those suggested by the size of the excitation ellipsoid plotted
in Figure 13a. Objects with a width of 65nm, but much
greater depth, have been made in this way, although they are
substantially distorted and have poor uniformity.""”

While the ability to fabricate complex components on a
sub-micrometer scale may suggest a wide range of applica-
tions, in practice these are limited by the time taken to address
and convert the large number of voxels that define a complex
object. The intrinsically low 2PA cross-sections and the serial
nature of the method mean that typical writing times for a
volume of 100 x 100 x 100 um? are of the order of minutes, so
that mass production applications are currently unrealistic. It
is possible, however, that this problem could be alleviated by
well-designed 2PA sensitizers and by advances in laser
technology.

5.8. Three-Dimensional Optical Data Storage

Current optical data storage devices, such as CDs and
DVDs, use one-photon processes to write and read informa-
tion on a two-dimensional surface. The tightly localized 2PA
excitation volume, and high discrimination against the
surrounding background, enables data to be stored in a
three-dimensional medium, thereby leading to a huge
increase in data density.™ The combination of a two-
photon-excited photoacid generator and an acid-activated
fluorescent dye (similar to that of Figure 16) has been used to
fabricate a prototype data storage disk with hundreds of
layers of information within the volume of the medium
(Figure 18)."! This disk had a diameter of 120 mm and a
thickness of 1.2 mm, and it was able to record 1 Tbyte of data,
which is about 200 times that of a conventional DVD.

Figure 18. A 3D data storage disk with many layers of information
written and read by two-photon excitation. Reproduced from Ref. [118]
with permission.
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However, the writing speed was only 3 Mbytes™!, which
corresponds to a time of about 4 days for writing 1 Tbyte, thus
highlighting the need for more sensitive materials for two-
photon excitation. Photochromic dyes with large 2PA cross-
sections could be very useful in this area. For example, the
photoisomerization of the trans-porphyrin-perinaphtho-
thioindigo dye 82 generates a cis isomer, which like the

82, 5max = 2000 GM
Ar at 850 nm (fs-z-scan)

trans isomer is thermally stable at room temperature." The
presence of the porphyrin results in the 2PA cross-section
being large, thus enabling rapid switching on a timescale
approaching that needed for a working memory. Nondestruc-
tive readout is, however, not practical in this case, because the
excitation spectra overlap and photoisomerization is rever-
sible. A variety of bisthienylethene-based two-photon photo-
chromic dyes have also been developed.!'*]

5.9. Optical Power Limiting

The term “optical power limiter” is used to describe a
material that exhibits intensity-dependent absorption, such
that it is transparent to light at low intensities but opaque to
intense light.'” Such a material behaves like a shutter,
responding on an ultrafast (ps to ns) timescale. Optical
limiters are “smart materials” in the sense that their function
originates from the intrinsic properties of the material, rather
than requiring any external control mechanism. For example,
Figure 19 shows the optical limiting response of stilbene
derivative 3 (Section 4.1) to 5 ns pulses at 600 nm.® At low
input energies (namely, at low light intensity) 95 % of the light
is transmitted (7'=0.95), but as the input energy is increased,
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Figure 19. Optical limiting by a two-photon dye 4,4'-bis(dibutylami-
no)stilbene (3, 0.14 m solution in acetone) to 5 ns pulses at 600 nm.
The solid line corresponds to a sample with a linear transmittance of
T=0.95. Reproduced from Ref. [36] with permission.
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the output energy remains below 20 uJ, and most of the light is
absorbed. There is a strong demand for optical power limiters
that can protect delicate sensors from lasers for military
applications. They also have applications in optical tele-
communications for removing intensity spikes. There is a
particular demand for optical limiters which operate over a
broad range of wavelengths to give “frequency-agile” pro-
tection.

The main mechanisms for optical-power limiting are
excited-state absorption (ESA) and nonlinear scattering.
ESA arises when absorption of light generates an excited
state (singlet or triplet) that absorbs more strongly than the
ground state (Figure 20). Absorption by excited singlet states
(§,—S,) gives an immediate, but short-lived, effect. Absorp-
tion from excited triplet states (7;—T,) grows on a slower
timescale (ps to ns), because of intersystem crossing (ISC),
and typically decays over a few microseconds. The longer
lifetimes of triplet states lead to greater populations of the
excited states, for a given light intensity, and lead to a more-
sensitive optical power limiter.

S,
h 1 Ta
ESA IC
ESA IC
S1 ‘:' ISC
______________ T,
1PA | 2PA IC ISC

Sp———

Figure 20. Simplified Jablonski diagram for optical power limiting by
either TPA or 2PA. Shown are the excited-state absorption (ESA),
internal conversion (IC), and intersystem crossing (1SC).

2PA would appear to be an ideal mechanism for optical
power limiting because (unlike ESA) it requires no linear
absorption, so should give excellent transparency at low-
intensity light. However, 2PA cross-sections of current
materials are not large enough to form effective optical
limiters purely by two-photon absorption. A more practical
strategy is to use a combination of 2PA and ESA (Figure 20).
A small amount of 2PA can generate a concentration of
excited states, which then absorb more light by cycling
between ESA and internal conversion (IC). Many two-
photon dyes exhibit this behavior, and stilbene derivative 3
(Figure 19) is one example.’ Effective optical limiting
requires the following combination of properties at the
excitation wavelength: large 2PA cross-section, small 1PA
cross-section (that is, low §,—S; extinction coefficient), high
triplet quantum yield (S§;—T7; ISC faster than §,—S8, 1C),
strong ESA, and long triplet lifetime (slow 7,—S, ISC). In
this case, NO, the product of the 2PA cross-section and the
number density of chromophores in the medium (see
Section 2.1), is a better figure of merit than ¢. It is important
that the dye can be used at high concentrations in a solvent or
solid-phase host material. Under these conditions phase-
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separation can occur, which leads to problems of scattering,
and aggregation can broaden the linear absorption bands,
which leads to a loss of transparency. It can be difficult to
design a dye with the right combination of solubility proper-
ties and optical characteristics; sometimes it may be pref-
erable to use a mixture of dyes such that one dye captures
light by 2PA and transfers this energy to a second dye
exhibiting ESA.[12!

6. Summary and Outlook

Rapid advances in molecular engineering, through the
design and synthesis of improved two-photon dyes, are poised
to make a significant impact on diverse fields of technology—
from engineering and materials science to physiology and
medicine. Two-photon excitation is already widely used in
optical microscopy and microfabrication, and it promises to
bring huge benefits in localized uncaging, drug delivery, and
photodynamic therapy as well as 3D data storage and optical
power limiting. In most cases, these applications have been
demonstrated by using conventional dyes with modest 2PA
cross-sections (0 <50 GM). Recently, many new chromo-
phores have been developed with very high 2PA cross-
sections (0 >10000 GM), and there is great scope for trans-
lating these systems to practical applications. For example, we
have adapted a porphyrin-based dye with 6 =17000 GM so
that it can be applied as a photosensitizer in photodynamic
therapy (PDT). This dye (49) has been used to close blood
capillaries with high spatial resolution in live mice
(Figure 15). Two-photon excitation should bring significant
advantages to PDT in areas such as ophthalmology. Other
novel medical applications of 2PA are beginning to emerge,
such as in cataract surgery.!'??

The widespread use of two-photon fluorescence micro-
scopy has encouraged cell biologists to go beyond imaging,
and to monitor and manipulate the local concentrations of
bio-active compounds by using 2PA (see Sections 5.4 and 5.5).
It is remarkable that these studies have demonstrated a
significant advantage by using two-photon excitation, despite
the fact that most of this work has used dyes with small 2PA
cross-sections, sometimes even less than 1 GM. There appear
to be tremendous opportunities for synthesizing improved
two-photon probes and uncaging reagents. The need for the
dye to pass rapidly through cell membranes favors low-
molecular-weight compounds, and so the challenge is to pack
a large 2PA cross-section into a small dye. Biosynthetic
fluorescent proteins can be incorporated into living systems
by genetic manipulation, and often exhibit better photo-
stability than synthetic dyes."”” The first system of this type
was green fluorescent protein (GFP), isolated from jellyfish,
but now a wide variety of these dyes have been developed
with emission across the visible spectrum. The importance of
this approach was recognized by the award of the 2008 Nobel
Prize in Chemistry to Shimomura, Chalfie, and Tsien. The
Omax Value of wild-type GFP is quite low (12 GM at 810 nm),
while a mutant known as cyan fluorescent protein exhibits
two stronger 2PA bands (J,,,,=100 GM at both 550 and
870 nm; fs-TPEF).> 2! It will be interesting to see whether
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genetic manipulation can be used to create protein-encapsu-
lated dyes with even larger 2PA cross-sections.

Clear principles for the design of 2PA dyes have been
developed, and yet all the best 2PA chromophores still come
from serendipitous discoveries (which can often be rational-
ized retrospectively in terms of transition dipole moments and
energy gaps, Section 2), rather than from rational design.
There are good theoretical reasons to suspect that centro-
symmetric D-n-A-n-D and A-n-D-n-A systems will generally
give stronger 2PA than the corresponding dipolar D-m-A
chromophores, and this is supported by experimental findings.
However, it is important to remember that, for many
applications, the energy of the excited states generated by
2PA is crucial for fluorescence or further photochemistry—a
large delocalized 7 system with a high 0 value and a very low
energy excited state may not be useful. A centrosymmetric
dye gains its high 6 value from resonance with an intermedi-
ate state of roughly half the energy of the final state accessed
by 2PA. This final state will relax rapidly to the intermediate
(8,) state, and (by Kasha’s rule) most of the fluorescence and
photochemical processes will originate from this intermediate
state. Thus, when a centrosymmetric dye absorbs two photons,
the energy of one of the photons is lost as heat, whereas in a
dipolar dye, 2PA occurs at the S state so most of the energy of
both the photons can be used for further photochemical
processes.

Two-photon excitation has become very widely used in 3D
microfabrication, and it has great promise as a method for 3D
optical data storage; however these two applications are held
back from commercialization by the slow writing speeds,
which are a consequence of the low J values of the current
dyes. These applications would benefit from the development
of dyes that can be activated by 2PA in the UV or in the blue
range (300-500 nm) because short wavelengths lead to higher
diffraction-limited resolution. Very few two-photon dyes have
as yet been developed for excitation below 500 nm.

Although two-photon excitation of organic dyes has been
investigated for about 45 years, most of the advances have
been achieved in the last 5-10 years, and the field is still very
much in its infancy. We anticipate that it will develop more
rapidly during the next 10years, as it becomes widely
appreciated that two photons can be better than one.

Abbreviations

1PA one-photon absorption
2PA two-photon absorption

A electron acceptor

c speed of light, Eq. (2)

C a constant in Eq. (4)

CI configuration interaction
D electron donor

Dec n-decyl, C,yH,;

D term first dipolar term of Eq. (3)

& vacuum permittivity, Eq. (2)

E, energy gap, see Figure 2
ESA excited state absorption
FRET Forster resonance energy transfer
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fs femtosecond, 107 s

GFP green fluorescent protein

GM Goppert-Mayer, a unit of 2PA

HOMO highest occupied molecular orbital

h Planck constant

Hex n-hexyl, CsH3

IC internal conversion

ISC intersystem crossing

LUMO lowest unoccupied molecular orbital

N number of molecules per unit volume

N, number of  electrons within a molecule

Non n-nonyl, CoH,4

ns nanosecond, 107° s

Oct n-octyl, CgH,

PDT photodynamic therapy

ps picosecond, 1072 s

So singlet ground state

S first excited singlet state

Sc conjugation signature, Eq. (5)

SEM scanning electron microscopy

SU-8 a negative-tone epoxy photoresist

St defined in Eq. (2)

T transmittance
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TPEPP two-photon excited photoproduct
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r half-width of absorption band at half-max-
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A detuning factor, E,—hv

A wavelength
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v optical frequency
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D, singlet oxygen quantum yield
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