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Two-photon absorption spectra (2PA) of a series of conjugated dimers and the corresponding monomer were
studied in the near-IR region. All of the dimers show very large peak cross section waueg3—10) x

1® GM (1 GM = 1 x 105 cm* s photon?), which is several hundred times larger than that obtained for

the corresponding monomer in the same region. We explain such dramatic cooperative enhancement by a
combination of several factors, such as strong enhancement of the lowest one-photon Q-transition, better
resonance conditions in the three-level system, dramatic enhancement of the excited-statessigiget
transition, and parallel arrangement of consecutive transitions in dimers, as compared to perpendicular
arrangement in the monomer. We show that the absolute values of the 2PA cross section in these molecules
are quantitatively described by a quantum-mechanical expression, derived for the three-level model. We also
demonstrate the possibility of singlet oxygen generation upon one- and two-photon excitation of these dimers,
which makes them particularly attractive for photodynamic therapy.

1. Introduction by means of symmetricil or asymmetric&" chemical modi-
fication of the bare tetrapyrroles, we were able to drastically
increase the 2PA cross section in the near-IR region, up to

~ 10° GM. These values are comparable to those of the strongest
organic 2PA chromophorés.

Recently, we have also fouffthat amesebutadiyne-linked
symmetrical porphyrin dimer, yPyyPy (Figure 1), possesses an
extremely large intrinsic (femtosecond) two-photon absorption
cross section in the near-IR region, amountingte= 6 x 10°

Chromophores capable of highly efficient two-photon absorp-
tion (2PA) are extremely needed for several innovative applica-
tions, such as fluorescence three-dimensional (3D) microstopy,
deeper-penetrating photodynamic therapy of cancer (PBD)
micro- and nanofabricatiohhigh-density optical data storade,
and others. Porphyrins and other tetrapyrrolic compounds
deserve particular attention in this connection, first because they

have been commonly accepted for decades as tumor marker%M at the excitation wavelengthe.. = 780 nm. This corre
XC . -

and photosensitizers in PBTand also because they can . .
participate in various photochemical processes that are promisingSponds to a factor 0f-400 of enhancement in the dimer as

for optical memor§ and microfabrication. However, the 2PA compared to the parent monomer, yPy, measured at the same

properties of tetrapyrroles were almost ignored until recently. wavelength. We h""."e shc_)\ﬁﬁhthat only a certain part of this
In those few cases where 2PA cross section valugsyere enhancement (13 times) is due to the closer distance between

measured, they were rather smalt-10 GM (1 GM = 1 x the lowest Q-transition and the excitation wavelength. The
10-50 cm“,s phc))/torfl)7 ' remaining factor of 30 was assumed to be due to a very

In a series of papefSwe have started a detailed study of the advantageous combination of inherent molecular properties of
. . he dimer.

2PA spectra and absolute cross sections of a vast series o% eng sross sections of other butadivne-linked bisporphvrin
tetrapyrrolic compounds and have established several of their . y porphy
special 2PA features. First, we have found that the effect of dimers were also recentl_y measured with the fer_nt_osecond open-
resonance enhancement of 2PA, which occurs if the excitation aperturez-scan metho(‘," In the near-IR region giving values of
wavelength is tuned close to the one-photon-allowed Q- ?nii?r\:v t(goléjvs\/w;jsﬁméfu:ge”gfﬁ'erdggg{'erl?éeoffc:ﬁ; ;stfe
transition, is rather general for most tetrapyrrdl&s.Second, P Pg dimer indicate th(;t it nﬁ)a yhave a cr(())gss section as?]i h
in the region of one-photon Soret transition of some substituted YEYYry y Y

tetraazoporphyrins, we have detected strong two-photon allowed?® 5x 10° GM per macrocycle at the excitation wavelength of

11
peaks, corresponding to gerade excited stt&sirthermore, 1064 nm. )
To better understand the nature of this strong enhancement

* Author to whom correspondence should be addressed. Phone: effect in conjugated porphyrin polymer systems and eluc;idaFe
+1 (406)-994-7831. Fax: +1 (406)-994-4452. E-mail: rebane@ the role of molecular structure, we present here a comprehensive
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s Polish Academy of Sciences. units as well as different meso substituents. For quantitative

Il University of Oxford. evaluation of the 2PA cross section, we use femtosecond two-
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Figure 1. Linear absorption spectra (bold lines) and fluorescence anisotropy as a function of excitation wavelength (top insets) of the studied
molecules in 1% pyridine/dichloromethane. The thin continuous line in the absorption spectrum corresponds to transitions, polarized lparallel to t
longest, fluorescent, transition, and the dashed line corresponds to transitions, polarized perpendicular to it. Chemical structures aressteown in

In the chemical structures, Ar represents a 3,5-diterbutyl-phenyl group while R represents a hexyl group.
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photon excited fluorescence measurement. This is one of thesample and the reference in the same conditions as upon two-
most direct and reliable techniques because the signal is sensitivgphoton excitation but at some wavelength,where one-photon
only to the simultaneous 2PA process and not to other nonlinearabsorption (1PA) is present. This allowed us to calibrate our
optical effects, which can concurrently occur in a sample. 2PA measurement for an unknown combination of parameters,
Quantitative implementation of the three-level model in describ- (1) x ®(4) x C. The ratio of one-photon excited fluorescence
ing 2PA in these molecules allows us to extract the important signalsF, of the same pair of substances with low optical
spectroscopic parameters that lead to a drastic enhancement adlensities (OD< 0.1) atl; reads

2PA in dimers as compared to the monomer. By considering

the peak 2PA cross sections of a series of dimers, we formulate Fl(f)(),(’)) 7009 () cO 01(0(11)
important structure property relationships, which are useful for On o6 BT (2)
future design of molecules with an even largervalue. We Foo(4 )) (A ))‘1)(/1 ))C 01 (2

also show that these new compounds can generate singlet ) ) o
oxygen upon one- and two-photon excitation with a rather high Whereo, 4y is the 1PA cross section ai. By combining
quantum efficiency, which is very promising for 2PA-induced €ds 1 and 2, we finally get
PDT.

F,92¢) FL%CY) o,

()
o) ()
R0 F,O0) 0,00 °

. . () —
2. Experimental Section 0, (Ap) =

Our laser system comprises a Ti:sapphire femtosecond
oscillator (Coherent Mira 900) pumped la 5 W continuous  Since all of the values in the right-hand side of eq 3 are
wave frequency-doubled Nd:YAG laser (Coherent Verdi) and measured or known, the 2PA cross section of the sample is
1 kHz repetition rate Ti:sapphire femtosecond regenerative easily evaluated from eq 3. Note that in this method neither the
amplifier (CPA-1000, Clark MXR). The pulses from the parameters of the excitation light (pulse energy, pulse duration,
amplifier were down-converted with an optical parametric spatial and temporal intensity distribution), the parameters of
amplifier, OPA (TOPAS, Quantronix), whose output can be the detection setup (wavelength dependence of the quantum

continuously tuned from 1100 to 2000 nm. The second harmonic efficiency of the detector and refractive indexes of solvents),
of the OPA idler beam was used for two-photon excitation. The nor quantum yield of fluorescence and concentration of the

OPA output pulse energy was 16000 uJ (5-10 uJ after samples need to be known.
frequency doubling), and the pulse duration was 100 fs. Linear absorption spectra were measured using a standard

_The collimated excitation laser beam was passed through ayv —vis spectrophotometer (Perkin-Elmer Lambda 900). Fluo-
pinhole and directed to the sample. The fluorescence emissionrescence excitation spectra and excitation polarization spectra
originating from one- and two-photon excitation was collected were measured with a luminescence spectrometer (Perkin-Elmer
with a spherical mirror and focused on the entrance slit of an LS 50B). All 2PA as well as 1PA, fluorescence excitation, and
imaging grating spectrometer (Jobin Yvon Triax 550). polarization spectra were measured in 1% pyridine/dichlo-

Nonlinear 2PA spectra were obtained by tuning the wave- romethane solutions at room temperature.

length of the frequency-doubled OPA output and measuring the By measuring the dependence of fluorescence anisotropy on
relative intensity of the resulting two-photon excited fluores- the excitation wavelength, we resolved 1PA transitions into
cence. components that are either parallel or perpendicular to the lowest

2PA spectra of the samples were measured relative to Luciferfluorescent transition as described in ref 16.
Yellow in water, whose 2PA spectrum in the same spectral ~ Singlet oxygen photosensitization experiments were per-
region is knownt3 This allowed us to disregard the dependence formed in 1% pyridine/toluene solution. Singlet oxygen lumi-
of pulse duration and intensity on wavelength. The 2PA cross nescence near 1.2#n was measured with a nitrogen-cooled
section of the sample at a wavelengtlx(= 850 nm) close to  Ge detector, coupled to the same grating spectrometer as above
the spectral maximum was then measured, and the whole 2PA(Jobin Yvon Triax 550), upon either one-photon (second
spectrum was scaled to that value. The 2PA cross section ofharmonic of continuous wave Nd:YAG laser at 532 nm) or two-
the sample (superscript s in the following) was measured by photon (Ti:sapphire amplifier at 806 nm) excitation of mol-
using the relative fluorescence method, based on calibration toecules. Quantum efficiency of singlet oxygen photosensitization
both the excitatiot and registratioﬁ conditions. Rhodamine ®, was measured upon one_photon excitation relative to
B in methanol was used as a reference (superscript r in thetetraphenylporphyrin in toluene at ambient conditions, for which
following) compound:? First, we measured the two-photon &, = 0.6817
excited fluorescence signals of the sanfpl€ and the reference Chemical synthesis of the molecules studied here was
F,0 in their corresponding fluorescence maxim&) andA®, described previousli#19
in exactly the same conditions of excitation and collection  The Hyperchem 7 package was used for the quantum
geometry. The 2PA cross section of the sample is then expresse@hemical calculations.
as

3. Results and Discussion

F909) 190 @) ¢

Oy —
o2 (%) E000) 7900 o) ¢ 2

(r)()bz) (1) 3.1. One-Photon Absorption Spectra and Polarization of
Transitions. Since the 2PA properties of tetrapyrroles are
intimately connected to their 1PA through the resonance

Here 1, designates the wavelength of two-photon excitation, enhancement effe8td we first consider one-photon spectros-

nsY) is the differential quantum efficiency of fluorescence copy of the series of molecules under investigation.

at, ®(1) is the collection efficiency of registration system at 3.1.1. yPy Monomerlt is known from the previous

A, Cr9)is the concentration of the substance, agl(1,) is the literature?®=23 that symmetrically bisneseethynyl-substituted

known 2PA cross section of the reference dyé.atAs a next metalloporphyrin monomers exhibit a substantial red shift and

step, we measured one-photon excited fluorescence of thesome intensification of the low-energy Q-transition as well as
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TABLE 1: Assignment of the Linear Absorption Transitions, According to Their Polarization, for the yPy Monomer

S—S S—S S—S S—S
(1*A;— 1'B2) (1*A;— 1'Bay) (1*A;— 2!B3y) (1*A;— 2B,y
polarization (exptl) 0 0° 0° 90° 90° 90° 0° 0°
transition assignment J@0—0) Q(0-1) Q(0-1) Q«(0—-0) B«(0—0) Bx«(0—1) By(0—0) By(0—1)
yPy transition frequency (cm) 15 460 15840 16 990 16 670 21980 23090 22 620 23700
yyPyy calculatiof! (cm™2) 14 840 15 000 26 780 27 180

a red shift and splitting (in the case of bis(trialkylsilylethynyl)- meso-connected bisporphyrin systems were observed earlier in
substituted moleculé%?3 of the Soret band. Such behavior has refs 18-23, 25, and 26. It is noteworthy that the considerable
been explained theoreticallyby a perturbation of the four  amplification of the Q-band in dimers is one of the key factors
frontier molecular orbitals due to-conjugation of the porphyrin ~ governing the enhancement of 2PA response in the near-IR.
electronic system with two ethynylenic groups. As a rgsult, In refs 21 and 2729, it was shown that due to a strong
molecular symmetry lowers from, to Don, which results in - glectronic interaction (molecular orbital overlapping) between
the splitting of Q- and, in some cases, B-bands. It is important the two porphyrin macrocycles in dimers the four Gouterman
that the classic four-orbital Gouterman mdditill works for frontier orbitals of the monomer split into at least eight frontier
these kinds of monomers and predicts relatively weak (quasi- orpjtals, This “eight-orbital” modé? qualitatively describes the
forbidden) Q-transitions and strongly allowed B-transitiéhs.  complexity of the spectrum and explains the significant inten-
In some respect, this resembles the type of transformation of gjfication of the lowest $— S: (Q) transition. In fact, due to
the absorption spectrum when passing from unsubstitutedhe gifferent, as compared to the monomer, energy positions
metalloporphyrin to its free-base analogue, but in contrast t0 5nq symmetries of the frontier orbitals, the lowest Q-transition
this latter case, two nonequivalent symmetry axes are directed.qaces to be quasi-forbidden by configurational interaction
in the yPy monomer along the axis connecting the two ethynyl () 28 Another possible reason for the intensification of the
substituentsx-axis, by convention) and perpendicular toyi ( Q-transition is an extension of conjugation length simply

aX'S.)‘ ) because of dimerization. However, this latter effect would lead
Figure 1a presents the absorption spectrum of the yPY i, only 4 2-fold increase in oscillator strendfhwhereas we
monomer (bottom, bold line). It consists of a group of relatively - pgerye a 4-fold intensification of this transition on going from

weak Q-bands in the red region (57650 nm) and two strong, Py monomer to yPyyPy dimer (Table 3), which attests the
overlapping B-bands near 450 nm. By measuring the depen'?/mgortance of bOtI‘)l/ rzgcr)\/anisms.( )

dence of anisotropy of fluorescence) (as a function of S .

excitation wavelength (Figure 1a, top), we were able to resolve . TO. get petter insight Into the nature of one-photon transitions
all of the absorption peaks according to their polarizations with n tT'S _sen_es_lof tpotrr?fl[yéln d';ne;ﬁ’ we perform%(;l polarlzatlor:j
respect to polarization of the lowest, fluorescence transition. analysis, simiiar o that done for the monomer. 'ne correspond-

The spectrum shown by thin line in Figure 1a, bottom, represents'n_g excitation anisotropy profiles are_shown in the top insets to
all of the absorption peaks, polarized parallel to the lowgst S Figure 1, parts bg. The bands, polarized parallel to the lowest

— S, transition. Absorption, polarized perpendicular to this < St f[raTsition., are ;hownhby the thin solid line and those
transition, is shown by dashed line. It is interesting to note that PerPendicular to it by the dashed line. All of the dimers show
the lowest strong B-band at 21 980 ch{455 nm) is polarized a qualitatively similar sequence of transitions. Independent
perpendicular to the lowestoS~ Sy, transition. The second polarized absorption experiments in stretched polymer films with
strong B-band at 22 620 crh (442 nm) is polarized parallel to & related yyPyyPyy butadiyne-linked difiehave shown that

the $ — S transition. Both Q- and B-transitions show several the lowest allowed singlet transition is polarized along the long
vibronic satellites. dimer axis k) and can therefore be called(Q—0). The same

Since the fluorescence polarization spectroscopy IoroVidespolarization of the _|0Wfst sing_let transitic_)n was obtained with
only information on the relative polarizations of transitions, NPO/SCI calculation&' and with approximate DFT calcula-
additional data are needed to fix these directions within the tions’® for similar model dimers. Taking into account a
molecular frame. Polarized absorption experiments in stretchedtoPelogical similarity of molecular wave functions, we thus
polymer film25 and quantum-mechanical INDO/SCI calcula- @SSume that in all dimers under study the lowegt-$ S,
tions?L of similar molecules demonstrate that the lowest-energy transition is of the 3Aq — 1'B3, (Q(0-0)) type.

Sy — S Q-transition is polarized perpendicular to the molecular ~ Our experiment demonstrates that the lowest, rather strong,
axis connecting the triple bonds, and therefore, this transition Q«0—0)-transition is followed by its two vibronic satellites,-Q
was identified as Q Taking into account our polarization data, (0—1) and Q(0—1'), shifted, depending on particular dimer
we can assign all main absorption peaks in the yPy monomer structure, by 306600 and 1106-1500 cn1?, respectively, and

to 1'Ag — 1'B,, (Qy at 646 nm), 1Ay — 1'Ba, (Qx at 595 nm), by a weak,y-polarized, @(0—0) band near 16 000 crh. In

1'Ag — 2'Bg, (Bx at 455 nm), and 13y — 21By, (By at 442 the Soret region (18 5624 500 cn?), there is a group of
nm) transitions, respectively. Note that the experimentally strong transitions witl- andy-polarizations. Among them, the
determined energetic sequence of these transitions is correctlyjowest-energy and relatively narrow peak is always polarized
reproduced by the INDO/SCI calculatidhsee Table 1. parallel to the $— S; transition, such that we assign it to the

3.1.2. Conjugated Dimer Seriekinear absorption spectra  Bx(0—0)-transition. The second, also relatively narrow, peak
of the series of dimers are presented in Figure 1, partg,b  with the same polarization is blue-shifted by 13@D00 cnr?
bold lines. All dimers show some common spectroscopic trends, with respect to R0—0) and can be assigned to anothéy-B
when compared with the monomer. First, the lowest-energy (0—0) pure electronic transition. For most of the dimers, except
Q-band is drastically intensified and red-shifted, and second, PyP and yPyTyPy, there is also a third, broad and relatively
the Soret (B) band splits over several subbands, whose centeweakx-polarized band, which is usually the highest-frequency
also shifts to the red. Similar spectral properties of meso-to- transition of the Soret group. We tentatively assign this band



TABLE 2: Assignment of Linear Absorption Transitions Frequencies (cnt?), According to Their Polarization, for a Series of Porphyrin Dimers

a1eBnluo) Ul vdz YIN Buons

S S S$S—S S—S S~ S$S—S S$—S S—S S—S S—S So—Sio
transition assignment 1Ay — Bay Ag—Bu A—Bs  Ag—Ba A—1Bg A—1By 1Ag— By IA—1By Ag—Ba A—1By
polarization (exptl) 0 0° 0° 9r° 0° 90 0° 9 0° c[0) 0° 90
designation @0-0) Q(0-1) Q(0-1) Q/(0-0) Qx(0-0) Q,(0-0) B,«(0—0) B, (0—0) B'«(0—0) B'\(0—0) B/ (0—1)? B',(0—0)
PyP dimer 14 030 14 730 16 180 17 420 18 050 20 760 21300 22 420070 22810 24 300
PyyP 14 310 14 700 15 600 15 890 17 500 17 680 20730 21120 22190 22320 23170 23 840>
PyyP calculatioff? 12 500 16 300 19 700 20900 20 200 19 700 20600 U
yPyyPy 13480 13990 14 810 15 820 17 090 17 010 20170 20530 21840 21700 22810 22 3505
yyPyyPyy calculatioft 13 710 14 440 19 360 25240 Z
yPyByPy 14 470 14770 15 150 15 850 16 930 16 490 20560 22010 21630 22480 =
yPyTyPy 14 040 14 590 15560 15 380 16 970 16 800 20 040 21610 22 040 22 550
yPyAyPy 13770 14 540 16 720 17 090 18870 20690 20130 22080 21440 22410 g
@
%)
TABLE 3: Summary of Linear Ground-State Absorption, Excess Polarizability for the Lowest § State, Singlet-Singlet Excited-State Absorption, and Two-Photon Absorption
Properties of the yPy Monomer and a Series of Dimers
ground-state absorption excess polarizability excited-state absorption two-photon absorption -
Q« Yi (B + ByY) blue transition blue transition 3
SH—S S—S a(S) — a(S) S1— Sn S— Sn <
molecule Vip@ THz in b |,Ui0|2 cp2 ’l/kod THz fkoe |‘l,t|<0|2f D2 Ao Ag Vi N THz |/,tﬁ |2i D2 Vio 9 THz r (fVth) THz ’l/io/’l/fo O’zmaXI GM O
yPy 464.4 0.15 20.6 679.8 1.60 150 303 242.1 150 706.5 87.6 0.657 20 @
PyP 421.3 0.35 52.2 689.3 291 269 %60 306.2 1600 7275 56.5 0.579 8600 3
PyyP 429.9 0.38 56.4 675.4 3.33 315 288.6 718.5 42.4 0.598 5500 w
yPyyPy 404.4 0.58 91.5 663.4 3.03 291 40Q07° 274.9 1350 679.3 47.3 0.595 9100
yPyByPy 436.8 0.52 76.0 662.6 3.03 292 27 B0 247.6 860 684.4 83.0 0.638 3800 o
yPyTyPy 424.2 0.58 87.2 660.8 3.15 304 3pa0 253.7 1200 674.2 67.4 0.629 3100
yPyAyPy 417.9 0.64 97.7 660.3 2.36 228 59B0% 295.8 900 713% 44.8 0.586 10 100 3
a Central frequency? Oscillator strength¢ Transition dipole moment squared of the lowest Q-transition (all obtained by integration over correspon@imgd vibronic bands} Central frequency. é
¢ Oscillator strengthf Transition dipole moment squared of the Soret multiplet (all obtained by integration over the entire Soret fdégiem)ency of the blue 2PA peak; see text for definitibRrequency ©
and ' transition dipole moment squared of the excited-state transition, corresponding to the blue 2PA peak (see eq 12 and below for definition ofiies}e §pantral width of the 2PA transition, found s

by using Gaussian (or two Gaussian) fits to experimental data presented in Figufeudd by extrapolation of the Gaussian fit to 2PA spectrum in Figuté/i@ximum 2PA cross section, observed-

experimentally (from Figure 2).

122300¢
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Figure 2. Absolutetwo-photon absorption spectra (filled circles) of the studied molecules. A short arrow indicates the frequency of molecular
2PA transition,vi, which is obtained from Figure 3. The shift of this frequency from the real peak position is due to the resonance enhancement
effect. The solid line corresponds to the best Gaussian(s) fit to the data, presented in Figure 3, divided over the detuning-fagygrsee text.

Other symbols shown in Figure 2 are explained in the text.

to a vibronic satellite of the Btransition, since it is relatively
weak and shifted by-1000 cnT? to higher energies with respect
to B'«(0—0).

pirical calculation that takes into account&gives a generally
similar and complex structure in the Soret region of the
yyPyyPyy dimer. Even though we cannot confidently assign
Several broad and relatively strorygpolarized B-bands span  all of the transitions in the Soret multiplet at this moment, it
a wide region to the blue from thex@®—0)-transition. turns out that our analysis of frequencies and polarizations of
An assignment of all of the observed bands to particular one-photon transitions will suffice for the purposes of quantita-
transitions occurring between eight frontier orbitals, mixed via tive analysis of 2PA, as presented in the next section.
configuration interaction, can be done only with a very limited Several integral 1PA parameters, relevant for the following
confidence because of the complexity of the system. We, consideration of 2PA, are summarized in Table 3.
however, present here a tentative assignment of some transitions 3.2. Two-Photon Absorption Spectra.2PA spectra of all
in the PyyP dimer, by comparing our results in Table 2 with of the molecules under investigation are presented in Figure 2,
the simplified DFT calculation performed in ref 28a. Semiem- parts a-g. For all of the 2PA experimental data points, we
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confirmed that fluorescence intensity had a quadratic dependenceéatively explain the observed position and width of the 2PA
on the laser power. At excitation frequencies higher than thoseband. More important is that the excited-state absorption,
presented in Figure 2, this dependence gradually declined fromresponsible for the 2PA peak at 23 550 dinis predicted to
quadratic and became linear because hot-band absorption startefle rather weak, with an oscillator strength 0.1, which
to compete with 2PA&!9 accounts for the relatively weak 2PA cross section of the
In the following discussion, we will be interested in the monomer (see below).
position of real 2PA energy levels (corresponding to molecular e also present in Figure 2a an absoleralue (13 GM)
eigenstates) and cross sections at these energies. Figure 3ptained by ZINDG-CI/SOS quantum-mechanical calculations

presents, _however, raw data where the peak position can be bluefor 3 yPy-type monomer at excitation wavelength 770 nm (open
shifted with respect to the real 2PA level because of the triangle)3? The authors of that article do not present the

resonance enhancement, occurring when the excitation lasefrequencies of the individual 2PA transitions but rather an
frequency,v, approaches from below the frequengy of the averaged envelope spectrum, which peaks at a231 830
first Q(0—0)-transition. The applicability of this single inter-  cy-1 transition frequency. However, their data point at 770 nm
mediate state approximation has been shown by us before forg antitatively correlates with our experiment.

several tetrapyrrolic molecul®s® and is validated further in 322 Coniugated Dimer SerieBiqure 2. parts ba. and
the text for the molecules under study (section 3.3). Thus, to Figl:ll’é 3 parjtsgbg show the 2PA s?oectra, oFf) the di?r;ers All

separate the real spectral shape of the 2PA transition from the fthe Spectra comprise a very strona 2PA peak with a transition
resonance enhancement effect, we present, similar to what was P P y 9 P

done in ref 8d, the 2PA spectrumda(2v) (vio — v)? versus 2 ma>.<imum lying, dependinglon the particullar c'ompound, in the
coordinates in Figure 3. Then, we fit the experimental data in region 22 50?24 ?OO cnr. We call this hl_gh-frequency
Figure 3 to one or two Gaussians and use the thus obtainedtransItlon the “blue” peak. We should emphas[ze that the cross
maximum frequency, cross section at this frequency, and width section values ob;erved here for p_orphyr_m dimers amount to
for comparison with theory. The smooth curves in Figure 2 S€veral thousand Gpert-Mayer units, which are extremely

represent the ratio of the Gaussian fit, obtained from Figure 3, Nigh for molecules of this size. In the PyP and yPyAyPy dimers,
divided by the detuning factom — v)2. we could not actually reach a real spectral maximum, because

strong 1PA starts to compete with 2PA upon shifting excitation

3.2.1. yPy Monomelk/\e start our consideration with the 2PA . .
to a higher frequency. Nevertheless, we were able to estimate

spectrum of a model monomer compound, yPy monomer in he bl K . ¢ lue f he b
dichloromethane solution, Figures 2a and 3a, filled circles. A the blué peak maximum frequency anglvalue from the best

filed diamond in Figure 2a presents our previous datum Gaussian fits to these spectra._lt is interesting to note that the
obtained for the same molecule in a polymer film at 780 nm Plue peak frequency thus obtained for the PyP dimer (24 250
excitations? cm™1) is very close to the sum of the 1PA (@—0)) transition
frequency (14 030 cm) and the frequency of the strong
transient singletsinglet absorption peak (10 150 ch), pub-
lished in ref 33 for the same molecule. This suggests that the
simultaneous 2PA, measured here, and femtosecond stepwise
singlet-singlet absorption, reported in ref 33, most probably
populate the same final state of the PyP dimer.
In addition to the blue peak, PyP, PyyP, and yPyAyPy dimers
1 P : ) also show a weaker transition at lower frequencies, near
Eﬁggiy%rg—g;idags’egodq]rﬁ:rrscésfeoe ilg?é)l\z;lvr).peaks inethyne- and 21 000-22 000 cnt?, which we call a “red” peak. For the PyP,
PyyP, and yPyAyPy spectra, we applied a two-Gaussian fit,

A maximum cross section valuep; = 20 + 5 GM (Figure 7T
2a), is moderate and of the samezorder of magni'Eudge as thatShown by full line in Figure 3, parts b, ¢, and g. For the rest of

was found in this spectral region for other porphyrin monomers chie (Jrllmgrs, e;tsmglen-gilfusslan ];'t I\INI(i)rzks YI_VP?” \a/mld IS sf:(otvk\lm n
not bearing strong electron donor or acceptor substitiféhts. gure 5, parts a a oy atu &. The values ot the
. . . transition maximum, spectral width (fwhm), and peak cross
Since the yPy monomer possesses a center of inverign (

X section obtained from the best Gaussian fits to the 2PA

group of symmetry), selection rules for one- and two-photon - . . .

- . transitions of all molecules are collected in the right-hand side
transitions should be alternative, such that the one-photon-of Table 3
allowed electronic transitions are forbidden for 2PA and vice N ) o .
versa. This is confirmed by our experiment (observation 2), _ €onceming the 2PA spectra of the dimers, it is obvious from
suggesting that we deal with geracgerade type transition(s) ~ Figure 3, parts bg, that the lowest one-photon Soref(®-
in this monomer. It is worth noting that quantum-mechanical 0)-transition is never reproduced in 2PA. This suggests that the
INDO/MRD-CI calculation of an yyPyy porphyrfh predicts selection rules for one- and two-photon transitions are alternative
several weak singletsinglet excited-state transitions, originating in dimers, similar to the case of the monomer. While in the
from the B, state (which is the dominant intermediate state monomer the inversion symmetry of molecule is beyond
in 2PA), in the spectral region studied here. By adding the question, in dimers two porphyrin rings can adopt mutually
calculate@® S; — S, transition energy to experimental, (90— noncoplanar geometry in solution, which, generally speaking,
0) energy, we obtain the corresponding 2PA spectrum and can break the inversion symmetry of the whole molecule. The
present it as a bar graph in Figure 3a in relative values. Two question about possible twisting of porphyrin rings in alkynyl-
close-lying § — S, transitions, which are relatively well-  bridged dimers is widely discussed in the literature. For several
separated from the other higher-frequency transitions, can bedimers studied here, X-ray analysis shows almost coplanar
associated with an experimentally observed 2PA band, althoughconformation in crystal&3*but in solution it can be different,
the calculated energies are slightly overestimated. Given thatespecially for the PyP dimer, where steric clash between the
the 1PA Soret transition energies are also overestimated in thisclosely neighboring-hydrogens of the two porphyrin rings can
calculation, the theoretical results seem reasonable and quali-distort the molecule from perfect planarity/3®> Our semiem-

Considering the 2PA spectrum of yPy, several important
features have to be noted:

(1) A discernible 2PA peak is observed at 23 550~&m
(Figure 3a).

(2) This peak, blue-shifted with respect to the one-photon
Soret band, does not reproduce any other 1PA feature.

(3) Its full width at half-maximum (fwhm) is rather large
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Figure 3. Spectral profiles of the 2PA transitions, corrected for the resonance enhancement effect (solid circles with best Gaussian fits). The thin
solid line presents the 1PA spectrum in the same spectral region. The lowest Soret transition is indicai{@d-0y Bwo bars in Figures 3a
correspond to two excited-state singtstnglet transitions, calculated in ref 21 for yyPyy. The bars in Figure 3d correspond to excited-state-singlet
singlet transitions, calculated in ref 21 for yyPyyPyy in the case of cumulenic geometry of the bridge (dashed line) and to strongly alternating
geometry (dashdotted line). An arrow in Figure 3c points to a frequency of a gerade state obtained in this region by the DFT calculation of a PyyP

dimer3! An arrow in Figure 3b indicates a position of the 2PA transition, calculated from the excited-state transition maximum, experimentally
found for this molecule in ref 33.

pirical AM1 geometry optimization calculations have shown electronic states can be assigned either to gerade or to ungerade
that in the ground electronic state the dihedral angle betweentypes of ‘Dyy-like”36 groups of symmetry. It is interesting that
porphyrin planes is equal or less tharf 20 all of the dimers, this seems to apply also to the yPyTyPy dimer, where,
except the PyP dimer, where it is 3€cf. ref 33). The independent of torsion angle, the molecule is, strictly speaking,
noncoincidence of the 1PA®—0)-transition with any 2PA asymmetrical because of the asymmetric bridge structure.
transition and the general similarity of the 2PA spectra of all However, the global symmetry of the system is, probably, only
of the dimers implies that all of these molecules are effectively slightly perturbed, and it can still be described in terms of a
centrosymmetric (predominantly coplanar) in solution and their Dy-like group.
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Sm(mAg) f and possesses a definite line width, which is determined by
A t 1 homogeneous and/or inhomogeneous broadening.
S.(B) : - -
n The 2PA spectrum of the yPy monomer (Figure 3a) is also
hv o Hs described well by a single peak, with, however, a somewhat
S,(Q) Y 4 larger width. This broadening could be due to two gerade
transitions, merging in one band, as discussed above. In this
A Hig case, we can consider the quasi-degenerate final level also as
Mio hv_0 Mio an isolated state connected to the intermediate i-state by some
hv ' “effective” (combined) transition dipole moment.
For the centrosymmetric molecule with three essential states,
S, 0 the 2PA cross section can be obtained in second-order perturba-
tion theory’ as follows
a b
Figure 4. (a) Three-level model system, used for description of the _ ,)(2.71)41/2L4 (,Mioe‘)z(ﬂﬁe)2
2PA. 0 designates the ground state, i is the intermediate, one-photon- 0= 9(2v) 4)

< 2 2 2 2
allowed (Q) state, and f is the 2PA-allowed final state. In some (hon” (v — »)" + (T/2)
molecules, we observe two final states, corresponding to the blue and
red peaks in the 2PA spectrum. (b) Four-level model system, used for Here v is the laser frequencyy is the refractive index of the

?Oe?ﬁgptﬂ(r’geolf;\t‘; gs;(;‘:gg{ ?Sr;]do\ifiitne%';:f‘;e) pﬂzrzggigz&lgnﬁgﬁg\i\% ', medium,L is the Lorentz local field factor, calculated bs=
state k (Soret manifold) is introduced here to describe more accurately(n. +2)3,eis the u.mt laser polarlzatllon vectdr, Is.the line
the ground-state polarizability. width (fwhm) of the ith state, ang(2v) is the normalized 2PA

line shape function (in HZ), such that
Therefore, we can state that the first reason for the extremely

large 2PA cross section in dimers is that the transition that we o
are dealing with is of the geradgerade type, and therefore, it S o@)d@)=1
is 2PA-allowed.

The excited-state absorption spectrum, originating from the The value ofo in eq 4 is twice that originally presented in ref
lowest excited, 1R, state of a yyPyyPyy dimer was calculated 37 (eq 12.5.40 of ref 37). This is because of different definitions
with the INDO/MRD-CI technique in ref 21. In these calcula- of the 2PA cross section used here and in ref 37. Our definition
tions, the dimer geometry was assumed to be coplanar, but anof o, corresponds to that most commonly used in experimental
alternation of single and triple bonds in the bridge was chosen literature and reflects the fact that two photons are needed to
to be either strong or weak. In both cases, gerade states werexcite one moleculé
found in the region of our experimental measurements. We
compare in Figure 3d these results with our experimental data @o_1 -
for yPyyPy. Dashed lines correspond to weakly alternating Rio _EOZI ()
(cumulenic) geometry and dasdotted lines to strongly alter-
nating geometry. A relatively strong, well-isolated transition is Here R is the molecular transition rate amds the photon
found for both geometries very close to the experimental peak. flux (eq 12.5.39 of ref 37). Spatial averaging of eq 4 over all
What is most important for our further consideration of 2PA  possible molecular orientatiotfresults in
enhancement in porphyrin dimers is that the oscillator strength
of this transition is about an order of magnitude larger than 4.2 4 12,
that found for the yPy monomer (i.e., 0.7 vs 0.1). 0,= 2(2 cos 0 + 1) (2L il it

The absolute 2PA cross section of a molecule very similar 15 (hc)zn2 v — v)2 + (I“i/2)2
to yPyyPy was calculated in ref 32. Again, the authors present
only an envelope spectrum, which peaksiat: = 739 nm
(27 060 cnt! transition frequency). Their datum at 790 nm, Where® is the angle between transition dipole momengsand
represented by an open triangle in Figure 2d, falls close in uii- Since the first (0— i) one-photon transition in porphyrin
magnitude to our experiment, especially if we compare it to dimers is polarized along the-axis (1A; — 1Bs,), 6 = 0°
our previous resu shown by the filled diamond, which was ~ corresponds to the second f) transition of the 1B, — Ag
obtained atlexc = 780 nm in a polymer film. type polarized along the-direction, andd = 90° corresponds

3.3. Three-Level Model Description of 2PATo describe ~ to the second transition of the 3B— Biq type, which is
the 2PA process on a quantitative level, we now consider a Y-polarized. In yPy, the first transition (A~ 1Bz is polarized
simple three-level model, schematically presented in Figure 4a, Perpendicularly to the long molecular axis. Therefore, in this
and encompassing the ground (0), intermediate (i), and final cased = 0° corresponds to the second transition of the 1B
(f) states. Following our previous papéfse we identify the ~ Ag type, polarized along-axis, and = 90° corresponds to
single intermediate i-state with the lowest Q-state (including the x-polarized 1B, — Bag transition.
pure electronic and vibronic levels). For the yPy monomer, this ~ For the maximun, value of the Gaussian 2PA peak and
corresponds to the 8 Q,-state and for all of the dimers to the ~ Specific values ob (0° or 90°), eq 6 can be further simplified,
Bs, Q.-state. The final state in our model is a gerade state, which as follows
for D2y group of symmetry can be either of thg 8r By type.

For PyP, PyyP, and yPyAyPy dimers, we consider here two " (271)4 In2 L4 |ﬂio|2|ﬂﬁ 1
different final states, related to the above red and blue 2PA 03 5 p (hc)2n2 (@ - 1)2 ( T, )2 T,

2
|

a(2v)

2
|

peaks.
All our data, presented above in section 3.2, suggest that the Vg 2 2vgg
f-state in dimers is rather well-isolated from other gerade states for0 =0° (7a)
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i (271)4 no> L4 |#i0|2|ﬂﬁ|2 1 works for the series of molecules under study, this plot should
2= 95 A 5 ey 5 T \eT represent a linear functiony = AX, whereA is a constant
(hon (@_1) n (_') f factor, defined according to eq 7, which depends only on
Vi 2 2vyg fundamental constants, solvent properties, and mutual orientation

for 6 =90° (7b) of vectorsuip and us. For dichloromethane, with = 1.424,
we obtainA = 3.475 x 10%2 esu for parallekio andus; and A

From our one- and two-photon absorption measurements, we= 1 158 x 10°2 esu for perpendiculari andus. Bothy = AX
know all of the molecular parameters in eq 7, except thefi lines are shown simultaneously in Figure 5. Note that these are
transition dipole moment squaregs| This latter value is  theoretical lines without any fitting parameters. If one assumes
accessible by different techniques, including femtosecond- andthat ., andus are parallel, then there is a very good quantitative
picosecond-pumpprobe spectroscopy, electroabsorption (Stark agreement between experiment and theory for all dimer data,
effect), and flash photolysis time-resolved microwave conduc- including both red and blue 2PA transitions. This suggests that
tivity (FP-TRMC). The last two methods give the value of the the final 2PA states of the dimers possesslike symmetry.
excess molecular polarizabilitho, defined as a polarizability — For the yPy monomer, the absolutgvalue corresponds better
difference between the first excited i-state and the ground Stateto the perpendicular a"gnmentpb and‘uﬁ' However’ a rather
large experimental error does not exclude the parallel arrange-

Ao=a;—ag ®) ment of transition dipoles as well.
Since the excited-state polarizability is intimately connected Another important conclusion stemming from Figure 5 is that
to the transition dipole moments from the i-state to the closest the three-level model is quite sufficient to describe the 2PA
neighboring states, the|? value can be deduced fromo. process, and the four-level model (five-level for PyP and

The Aa values of all of the molecules studied here (except YPYAYPy dimers) is sufficient for quantitative description of
the PyyP dimer) were measured with either electroabsof3tion the excess polarizability for all of the molecules studied here.
or FP-TRMC techniquéd and are collected in Table 3. To Now we turn our attention to different factors, which make
obtain thejug|? values, we consider a four-essential-level model, the 2PA cross section in the dominant peak of the dimers so
shown in Figure 4b. In addition to the three levels, used for large. Table 4 summarizes several spectroscopic molecular
description of 2PA, it also comprises a one-photon accessible parameters, which contribute to the valuexofFirst of all, we
Soret state, depicted as state k. In the case of the PyP andsee that the intermediate Q-transition intengjty|2, increases
yPyAyPy dimers, we had to consider even a fifth state, which in dimers by 2.5-5 times compared to the monomer. The nature
is the red 2PA-allowed state near 22 000 ¢érFigure 3, parts of this enhancement has been discussed in section 3.1 and is
b and g), contributing significantly ta;. By using the general  due to both perturbation of the four-orbital model and elongation

relationshig® of m-conjugation. As for the role of variations in chemical
structure of the dimers, it is evident thago|? roughly follows
2 |p¢nml2 the conjugation length of the molecule. In particular, it increases
Oy == 9) in the series PyP< PyyP < yPyyPy. For dimers having the
34 v, same side substituents but different bridges, it increases in the
i " . series yPyByPy< yPyTyPy < yPyyPy < yPyAyPy. It is
we find within our four-essential-states model interesting that the same tendency is also observed for the second
5 2 transition dipole moment squarejgi|?, and the excess polar-
w2 Iiol”  lttiol (10) izability, Ao.23 The preference of diethynylanthracene over the
° 3 hvig vy diethynylbenzene bridge, observed here, can be explained in

terms of better charge-passing ability of the former, found in
and recent theoretical workl A connection of the (symmetrical)
charge-transfer effect to the strength of excited-state transition

2 is discussed below. The fifth column in Table 4 shows a
% =3 g N VIO a1 frequency detuning factor, which depends on the ratio of one-
and two-photon transition frequencies in the three-level system.
By combining eqgs 8, 10, and 11, we obtain By its definition, this factor increases drastically when the ratio
violvio tends to 0.5. However, in this limiting case, 1PA will
) 3 |/,¢i0|2 |ﬂko|2 dominate the optical response at reasonable laser intensities,
lus | = hwg EAOH‘ ZVO‘F Mo (12) thus making 2PA immaterial for practical applications. The
I

detuning factor is 1.45 times larger in dimers than that in the

A derivation of the analogous equation for the five-state model, Monomer. Itis interesting to note that the smallest, PyP dimer,
applicable to PyP and yPyAyPy dimers, is straightforwird. ~Shows the optimum detuning factor witip/vio = 0.579.

By using all experimental data, collected in Table 3, and taking  The fourth column of Table 4 represents an inverse line width
v = vio — vio, We calculatéug |2 according to eq 12 and show  of the 2PA transition. This value changes only slightly and not
the results in Table 3. At this point, we should note that the systematically in dimers, becoming %2 times that of mono-
values of|us| obtained for the dominating (blue) 2PA transitions mer. The narrowing of the 2PA bands in the dimers, compared

are extremely large in these dimers, amounting te-80 D. to those of the monomer, can be due to a spectral focusing of
The possible origin of this gigantic transition strength is several 2PA states into a single dominant one upon linear
discussed further in the text. elongation of the system.

With this information in hand, we present all of the molecular At the same time, the dipole moment squared of the {
parameters, entering the right-hand side of eq 7, as well as theirtransition is also dramatically enhancéd-(L1 time$ in dimers,
combination,X = |uio|?|usi?Ls ~*(violvie — Y2)72, in Table 4 as presented in the third column of Table 4. It is interesting to
and plotoy againstX in Figure 5. If the three-level 2PA model  note that the corresponding oscillator strengths reach gigantic
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TABLE 4: Summary of the Factors Entering the Right-Hand Side of Equation 7 and the 2PA Cross Section Measured at the
Frequency of the Two-Photon Transitiony;?

|tiol? i |? Iyt |ttiol s |2T s Y(wiolvio — Y2) 2 02(vio) (£25%)

molecule (D?) (D?) (THz™Y) (violvio — Y2) 72 (x 10" esu) (GM)
yPy 20.6 147 0.011 40 0.13 19
PyP(b) 51.7 1460 0.018 160 22 7800
PyP(r) 51.7 140 0.026 39 0.73 255
PyyP(b) 56.4 0.024 102 5400
PyyP(r) 56.4 480
yPyyPy 915 1350 0.021 110 29 8700
yPyByPy 76.0 860 0.012 53 4.2 3500
yPyTyPy 87.2 1200 0.015 64 10.0 2900
yPyAyPy(b) 97.7 900 0.022 137 27 8700
yPYAYPY(r) 97.7 900 0.023 53 10.7 3900

aSee text for definition of.

1.2x10™

yPyAyPy(b)

1.0x10™

8.0x10™ - yPyyPy

6.0x10™ -

4
0‘2‘0, cms

47
4.0x107" yPyByPy yPyAyPy(r)

yPyTyPy
2.0x10™"

004

1 I I
0.0 1.0x107° 2.0x107° 3.0x107°

o we T, [(vlvg-1/2) + (T/2v,)] , es.u.

Figure 5. Dependence of the maximum 2PA cross section on a combination of other molecular parameters, measured independently. The straight
lines present a theoretical relation betweerand this combination of parameters, obtained in the three-level approximation without any fitting
parameters. The solid line corresponds to a parallel arrangement of dipoles of two real consecutive transitions and the dashed line to aperpendicula
arrangement. Indexes b and r correspond to the blue and red 2PA peaks, respectively; see text. The inset shows the same plot on a double logarithmic
scale.

values. For example, for PyP dimég,~ 8. In many cases, a We believe that the nature of this gigantic oscillator strength
reasonable estimation of the maximum oscillator strength in a in our porphyrin dimers is similar to that previously found in a
system of fully conjugatedll; -electrons results from a simple, wide range of one-dimensionat-conjugated oligomer and
“particle-in-a-box” modef® This model gives for an excited-  polymer systems. In particular, it was shd#hat, starting from

state, HOMO+ 1 — HOMO + 2, & — z*, transition some critical chain length, the 1B— mAg transition (m
designates an unknown chain length and Coulomb correlation
f _icog(ﬁ)N (13) dependent quantum number) can concentrate the overwhelming
i~ 2 P A : it
37 majority of absorption originating from 1BFor example, for

trans andcis-polyenes, oligofurans, and oligothiophenes, this
where 180 — f3 is the valency angle between successive chain critical length was found to be-12 A42! As a result of such
links andN;; is considered to be much larger than 1. Takthg  unusual properties (gigantic oscillator strength concentrated in
= 60° for a G—C=C— conjugated system, we gt~ 0.2N,. one transition), thenA state appears to be one of the essential
Experimental oscillator strength values obtained here for states in the third-order nonlinear response of such mole-
conjugated porphyrin dimers vary from 3 to 8, which constitute cules*?2b.459mThe energy of themAq state varies in linear
a considerable part of the above theoretical limit, which oligomers between 1.4 and 1.8 times the energy of the 1B
10 (for N, ~ 50), thus showing that the- f transition is state?2thk!n our designations, this means thatvy = 0.56—
strongly allowed. 0.71.
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An alternative (with respect to the particle-in-a-box model)
explanation of the gigantic oscillator strength of the, 3BmA,
transition can be presented by describing a lineabnjugated
system with an one-dimensional semiconductor model. In this
case, the 1B— mAq transition is associated with a long-distance
charge transfer from the one end of the molecular chain to the
other42> Of course, because of molecular centrosymmetry, the
actual charge density in both the dlBnd themA, states is
symmetric with vanishing dipole moments. In terms of semi-
conductor physics, th@Ay states correspond to impurity levels
lying slightly below the conduction band and therefore con-
centrating a huge oscillator strength (for transition from low-
lying odd states) because of their large delocalization radius
(large electror-hole separation?

The dominant 2PA state in the porphyrin dimers demonstrates
a set of special features of theAy state, inherent in one-
dimensional molecular systems. Namely, it is of thg A
symmetry and extremely strong (fully allowed) for transition
from the 1By, and seems to be well-isolated from the other 2PA
states, and its energy is 1.8 times that of the lowest one-
photon transition. The linear extension of theconjugated
system along the-axis is large, being 1825 A for the most
separated meso carbons (our AM1 calculation) resulting in a
quasi-one-dimensionality of the molecule. Furthermondg
states in the same spectral region were assumed éaiter
explain the enhancement of the real part of the third-order
susceptibility in similar butadiyne-linked conjugated porphyrin
oligomers. All of these data strongly suggest that we are dealing
with a 2PA transition, terminating at anAy-type state in this
series of dimers.

Concluding this section, we can list the main factors, which
give rise to a dramatic enhancement of 2PA in porphyrin dimers,
as compared to the corresponding monomer:

(2) The first one-photon-allowed Q-transition in dimers ceases
to be quasi-forbidden by configurational interaction (Cl) and
further intensifies due to a largerconjugation pool.

(2) The relative energies of one-photons}Bnd two-photon
mAg states are very favorable, such that their ratiogso =
0.58-0.64 in dimers. This drives the three-level system close
to strong resonance enhancement, while still keeping 1PA from
becoming detrimentally strong (ai/vio = 0.5).

(3) The excited-state transition 3B— mAq in dimers

Drobizhev et al.

TABLE 5: Singlet Oxygen Photosensitization Properties of
the Studied Molecules

lexca Ozb 02 X (I)Ad Aﬂ(max)e
molecule (nm) (GM) D,° (GM) (nm)
yPy 833 20 1.1x%0.1 22 652
PyP 821 8200 0.840.08 6900 730
PyyP 830 5500 0.84 0.05 4600 711
yPyyPy 873 9100 0.540.18 4900 756
yPyByPy 859 3800 1.%+0.1 4200 697
yPyTyPy 871 3100 0.9%0.09 2800 725
yPyAyPy 838 9000 0.20.3 2700 770

a Best excitation wavelength for 2PA photosensitization of singlet
oxygen.? 2PA cross section at this wavelengtfQuantum vyield of
singlet oxygen generatiofl Figure of merit for two-photon sensitization
of singlet oxygen® Molecule fluorescence maximum.

30 4
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Figure 6. Dependence of the spectrally integrated luminescence
intensity of singlet oxygen molecules around 1270 nm on average
excitation power of Ti:sapphire amplifier laser, tuned to 807 nm, in
toluene/1% pyridine solution of the PyP dimer. The power exponent
of the best fitting function is close to 2, which confirms the 2PA

mechanism of singlet oxygen photosensitization in this system.

First of all, we observe thab, systematically decreases with

becomes extremely strong and spectrally concentrated due toe fluorescence maximum of the molecule shifting to the red.

the quasi-one-dimensional elongation of the system.

(4) An additional factor of 3 in enhancement comes from
the fact that the two consecutive transitiong;SS; and $ —
Sy are polarized parallel to each other in dimers (ref 33 for
yPy), while they are most probably perpendicular in the
monomer.

3.4. Singlet Oxygen Generation upon One- and Two-
Photon Excitation of Conjugated Porphyrin Dimers. One of
the most promising applications of the gigantic 2PA efficiency
found here in the near-IR could be two-photon-induced pho-
todynamic therapy. The key photophysical process of PDT is
generation of singlet molecular oxygen, following two-photon
excitation of a tetrapyrrolic molecufé8d¢The merit parameter,
which characterizes molecular ability to initiate the PDT process,
all other factors being equal, is a product of the 2PA cross
section and quantum yield of singlet oxygen generationg
®,. The measured, values are presented in Table 5 along
with the merit factor at the wavelength of the maximum
attainable o> (which is not necessarily the 2PA spectral
maximum in all cases). This Table also presents the wavelength
of the linear fluorescence maximum.

This effect is most probably explained by the energy conserva-
tion rule, which requires that the minimum possible triplet
energy of a photosensitizer molecule must be higher than the
triplet energy of oxygen. We will consider this result in more
detail in a forthcoming publication.

Here we emphasize that the highest values.ok ®, are
shown by PyP dimer (6900 GM) near to 820 nm and by yPyyPy
dimer (4900 GM) near 870 nm. Note that the last wavelength
is even more preferable in terms of better penetration through
biological tissue, which could compensate for the slightly lower
02 X CI)A,

To demonstrate an ability to generate singlet oxygen via two-
photon excitation, we have measured the dependence of singlet
oxygen luminescence intensity on excitation power in a solution
of the PyP dimer, using Ti:sapphire laser pulses at 807 nm.
This dependence follows a quadratic law, as shown in Figure
6, thus proving that the molecule is indeed excited by
simultaneous absorption of two near-IR photons.

Note that the dimers described in this article can also
potentially be used in two-photon fluorescence microscopy,
because their fluorescence quantum yidigs/ary between 0.05
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and 0.11° and therefore their two-photon excited fluorescence

figures of merit are rather higls, x ® = 200—-700 GM (cf.

refs 9, 13, and 14). Taking into account that the fluorescence

J. Phys. Chem. B, Vol. 109, No. 15, 2006235

(9) (a) Albota, M.; Beljonne, D.; Bras, J.-L.; Ehrlich, J. E.; Fu, J.-
Y.; Heikal, A. A.; Hess, S. E.; Kogej, T.; Levin, M. D.; Marder, S. R.;
McCord-Maughon, D.; Perry, J. W.; Rkel, H.; Rumi, M.; Subramaniam,
G.; Webb, W. W.; Wu, X.-L.; Xu, C.Sciencel998 281, 1653. (b)

occurs in the near-IR tissue “transparency window”, this can Drobizhev, M.; Karotki; A.; Rebane, A.; Spangler, C. @pt. Lett 2001,

make them unique markers for 3D biological imaging.

4. Conclusions

26, 1081.

(10) Ogawa, K.; Ohashi, A.; Kobuke, Y.; Kamada, K.; Ohta JKAm.
Chem. Soc2003,125 13356.

(11) Screen, T. E. O.; Thorne, J. R. G.; Denning, R. G.; Bucknall, D.

We have presented here the 2PA data for a series of G.; Anderson, H. LJ. Am. Chem. Soc2002 124, 9712.

conjugated porphyrin dimers and the corresponding monomer.

All of the dimers show a pronounced 2PA peak at-8800
nm, with very large cross section values,= (3—10) x 10°

GM, which is several hundred times larger than that obtained
for corresponding monomer. We explain such dramatic coopera-
tive enhancement by a combination of several factors, including

(12) A brief communication on some aspects of the work detailed here
was presented in Drobizhev, M.; Stepanenko, Y.; Dzenis, Y.; Karotki, A.;
Rebane, A.; Taylor, P. N.; Anderson, H. . Am. Chem. So@004 126,
15352.

(13) Xu, C.; Webb, W. WJ. Opt. Soc. Am. B996 13, 481.

(14) Rumi, M.; Ehrlich, J. E.; Heikal, A. A.; Perry, J. W.; Barlow, S.;
Hu, Z.; McCord-Maughon, D.; Parker, T. C.;'Bkel, H.; Thayumanavan,

S.; Marder, S. R.; Beljonne, D.; Bdes, J.-L.J. Am. Chem. So200Q

strong enhancement of the lowest one-photon Q-transition, better122, 9500.

resonance conditions in the three-level system, dramatic en-

hancement of the excited-state singlsinglet transition due
to linear elongation of ther-conjugated system, and parallel

(15) Galanin, M. D.; Chizhikova, Z. AJETP Lett 1966 4, 27.

(16) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum
Press: New York, 1983; Chapter 5.

(17) Ganzha, V. A.; Gurinovich, G. P.; Dzhagarov, B. M.; Egorova, G.

arrangement of consecutive transitions in dimers, as comparedD.; Sagun, E. |; Shtga, A. M. J. Appl. Spectroscl989 50, 402.

to the perpendicular one in the monomer. We show that the
absolute values of the 2PA cross sections in these molecules

(18) Lin, V. S.-Y.; DiMagno, S. G.; Therien, M. &ciencel994,264,

(19) Taylor, P. N.; Wylie, A. P.; Huuskonen, J.; Anderson, HAngew.

are quantitatively described by a quantum-mechanical expres-chem., Iint. Ed1998 37, 986.

sion, derived for the three-level model. We also demonstrate

(20) (a) Anderson, H. LTetrahedron Lett1992 33, 1101. (b) Anderson,

the possibility of singlet oxygen generation upon one- and two- H: L Martin, S. J.; Bradley, D. D. CAngew. Chem., Int. Bd. Endl994

photon excitation of these dimers, which make them particularly

attractive for PDT.
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