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Two modified metallophthalocyanines (MPcs) containing sulfonic naphthoxy substituents were synthesized.
The measurements of transient absorption and time-resolved photoluminescence were used to study the ultrafast
response and excited state dynamics of two MPcs in dimethyl sulfoxide (DMSO) solution, which were
predominantly in the monomeric form. Under excitation at 400 nm, these molecules experience vibrational
relaxation to the bottom of the first excited state and then the excitation rapidly converts to the low-lying
charge-transfer (CT) state and finally reaches the triplet states. Under excitation at 800 nm, they show a
two-photon absorption character, and their excited state dynamics exhibit strong dependence on the probe

wavelength. The main results with 400 nm pumping are similar to the results with 800 nm pumping. For
p-HPcZn, weak two-photon photoluminescence was also observed with a lifetimetoR55. A four-level

model was used to illustrate the excited state dynamics of p-HPcZn, while a five-level model was suggested
for p-HPcCo molecule.

Introduction happens in DMSG? Even in solutions, the lifetime of excited
. . state differs significantly among MPcs with different central

Phthalocyanines (Pcs) and metallophthalocyanines (MPcs) netq) jons, especially for transition metals. Millard et al. showed
have received considerable attention over the past 2 decadeg 4 the lifetimes of the excited singlet state for nickel Pc and
since their first synthesis in 19670wing to their unique 18 onait Pe in 1-chloronaphthalene solution are 2.8.2 and
z-electron delocalization system and intense megathalo- 2.1+ 0.2 ps, respectiveli® Theoretical research also demon-
cyanine interaction, these compounds exhibit large nonlinear gyrated that the valence electron structures of FePc and CoPc
susceptibilities and fast response, which lead to potential iffer significantly from those of other MPcs, such as CuPc,
applications in photonit, * data processingoptical switching; ZnPc, and MgPc. Nikolaitchik found that when Co is presented
optical limiting,’and so on. Their structural stability and intense 55 the central metal ion in-macrocycles of Pcs, the orbitals
absorption in the near-IR region make phthalocyanines ideal ;o ple withz-orbital systems and provide additional channels
candidates for photodynamic therapy (PBTY However, their  tor 7 deactivationt® Liao et al. found that the HOMO in CoPc
largezr-conjugation also leads to a strong stacking tendency in jg metal 3d-like, whereas in ZnPc, the HOMO is localized on
solution, which usually decreases their luminescence quantumypa pe ring by using a density functional mett#8&o far, a lot
yields, shortens their triplet state lifetime, and reduces their ¢ time-resolved studies on Pc molecules have been reported:
photosensitizing efficiencies. Because of their low fabrication however, the decay rates were quite scattered, dependent on
costs, different kinds of modifications with improved optical  gxperiment conditions and processes of preparation, and only
properties can be easily performed via rational design, for jiyje work has been carried out to investigate the dynamics of
example, adding different peripheral substitutiéri3or binding the photoluminescence emission because the quantum yield is
different metal ions at the ring centé¥!* It has been shown 4 |ow that many MPcs were reported as nonfluorestent.
that zinc helicenocyanine (ZnHc), where four helicense groups In the present paper, we report the study on the excited state
are fused with a phthalocyanine core through all-carbon ”nkages'dynamics of two novel ,soluble MPc derivatives (p-HPcCo and
exhibits a strong optical absorption covering most of the visible p-HPcZn) containing four sulfonic naphthoxy substituents, as

region. The electronic coupling of the groups to the PC COT€ shown in Figure 1, in dimethyl sulfoxide (DMSO) solution using
via expansion of ther-conjugation is attenuated by the "lock o 1o5econd transient absorption spectroscopy and time-resolved
washer_ conformation, which preventsconjugation throughout photoluminescence (TRPL) spectroscopy. The four peripheral
the entire macrocyclé: substituents could prevent molecular aggregation in solution by
The excited state dynamics of phthalocyanines is known to providing steric hindrance. The observed dynamics shows a
be sensitive to their host environmefit$zor example, exciton-  photoabsorption (PA) feature for both samples under excitation
exciton annihilation is dominant in filrt, while energy relaxa- at 400 nm, but the relaxation behavior of p-HPcCo is more
tion is important in water solution and stimulated emission complex than that of p-HPcZn. With excitation at 800 nm, the
dynamics shows two-photon absorption character, and two-color
* Corresponding author. Tel: 86-21-65642084. Fax: 86-21-65104949. pump-probe dynamics depends greatly on the probe wave-

E-Tgil!]:yssi)égiaDne%;l:t?Y?gh?cngdan University length. In addition to transient absorption and bleaching, the
* Surface Science Lab (National Key Lab), Fudan University. decay of PL emission of p-HPcZn in DMSO was also measured
8 Nanjing Normal University. for the first time, which behaves as a monoexponential decay
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oH O\C[CN e o The preparation of p-HPcCo is similar to that of p-HPcZn.
°2”C(°“¢ —pso o Ml—» pHE Steady-State Absorption and Photoluminescenc&teady-
I SR e state absorption spectra and one-photon and two-photon excited

photoluminescence emission spectra for monomeric molecules
o in DMSO solution were recorded with a spectrometer. The PL
signal was detected in the perpendicular direction to the incident
excitation beam and was corrected for a reference. The con-
centrations we used in the measurements were both16 6

HOOC

X, ~

(o} " 'l‘ N\ o M. In addition to the observed one-photon excited PL emission,
\@N—R-—Nm two-photon PL emission was also detected from p-HPcZn

<§ h ,L /N/ solution, but nearly no two-photon PL emission was detected

¢ from p-HPcCo solution, indicating that there is a difference

COOH COOH between the two molecules.

Pump-Probe Experiment. The transient absorption spectra

Hooc—©/o R=Co p-HPcCo of MPc solutions were obtained using a pump-probe technique
R=Zn p-HPcZn based on a regeneratively amplified, mode-locked femtosecond

Figure 1. The molecular structures of p-HPcCo and p-HPczn. Ti:sapphire laser system (SPECTRA PHYSICS). The output

pulses have duration of 140 fs, pulse energy of 0.2 mJ, and
process. Different energy level models were used to explain 'ePetition rate of 1 kHz. For one-color pump-probe measure-
the observed dynamic features. ment, the beam was frequer_my-doubled in a BBO crystal to
generate a 400 nm beam with pulse energy ofudDwhich
Experimental Methods was divided into two beams (pump. and probg) by a beam
. . . splitter. After passing through an optical delay line, the pump
Materials. Dimethyl sulfoxide (DMSO) and other agents of  heam was overlapped with the probe beam and was focused in
analytical grades were obtained from Beijing Chemical Plant. e Mpc solution in a 1-mm cuvette. Behind the solution, the
4-N|trophthalon|trlle'was p(epared and purlfled according to the pump beam was blocked and the transmitted probe beam was
methods described in the literatifeAll reaction solvents were  getected by a silicon photodiode connected to a lock-in amplifier
dried over 4-A molecular sieves and further distilled before use. (SR830, Stanford Research Systems). For two-color pump-
Equipments. IR spectra were recorded on a PARAGN1000 ohe measurement, a portion of the 800 nm beam was used to
FT-IR spectrometer using KBr pellettd NMR spectra were generate a supercontinuum through a 5-mm-thick flow cell with
obtained in deuterated DMSO on a Gemini-2000 analyzer (300 flowing water, while the residual 800 nm beam or the 400 nm
MHz, Varian Ltd.). e SHG beam served as the pump beam. Both pump beam and
Synthesis of 4-(4-Carboxyphenyloxy)phthalonitrile?* A probe beam were focused on a 0.3 mm diameter spot in the
suspension of CO; (3.50 g, 25 mmol) in dry DMSO (30 ML) sample. A monochromator behind the sample cell was used to
was added to 4-nitrophthalonitrile (2.00 g, 11.5 mmol) and ggject the probe wavelength.
p-hydroxybenzoic acid (2.36 g, 17.1 mmol). FurthesQOs TRPL Experiment. The details of the time-resolved photo-
(3.50 g,_25 mmol) was adde_d aft8 h and after 24 h. The =, yinescence experiment based on the optical Kerr-gate tech-
suspension which had been stirred af@5or 5 days was added nique* were described elsewheteBriefly, laser pulses at 800
to water (600 mL) and the pH was adjusted to 1 with con- 0, 4 140 fs duration were divided into two beams. The intense
centrated HCI. The resulting precipitate was recrystallized from p ., \was used as the gate beam to open the Kerr-gate through
methanol (50 mL) to give pure 4-(4-carboxyphenyloxy)phthalo- pirefringence of Kerr material, while the other beam was
nitrile (2.59 g, 85%) as a white solid. IR (cr: 30883038 frequency-doubled to 400 nm and was used to effectively excite
(Ar, H), 2231 (Ar=C=N), 1256 (Ar-O—Ar), 1676 (~C=0). samples. We collected the PL emission in the direction
H NMR (DMSO): 0 13.05 (s, 1H), 8.15 (d, 1H), 8.05 (d, 2H), perpendicular to that of the incident 400 nm beam to avoid the

7.95 (d, 1",')' 7.55 (m, 1H), 7.25 (d, 2H). MS: 264.1 (M interference of the excited beam. The polarization of the
Preparation of p-HPcZn/p-HpcCo.4-(4-Carboxyphenyloxy)- - qjiected PL emission was set ata8ith respect to that of the

phthalonitrile (0.528 g, 2 mmol), dry 1-pentanol (15 mL), and  gate heam by a polarizer (P1). Then two beams, gate beam and
0.092 g (0.5 mmol) of anhydrous zinc carboxylic were mixed. p| signal, were focused to overlap on a 5-mm-thick cell filled

The mixture was heated to 5T in a nitrogen atmosphere i Kerr material (C9). An analyzer with orthogonal polariza-
during stirring and then DBU (0.6 mL) was added into. The joy t5 p1 was placed in front of a monochromator, and a
suspension was slowly brou_ght to boiling and refluxed for 5 h. photomultiplier (Hamamatsu R1104) connected to a lock-in
Upon cooling the reaction mixture to 8C, 15 mL of methanol amplifier (SR830, Stanford Research Systems) was used to

was added to the mixture, which was stirred for 10 min and  yetect the transmitted PL signal. All experiments were performed
then filtered. Dilute HCI was added to filter liquor, and the . 1o temperature.

resulting precipitate was washed with double distilled water.
The crude product was extracted with dichloroethane and
acetone in a Soxhelt extractor and purified by column chroma-
tography (silica gel, THFtoluene, 8:2). The blue fraction was Steady-State Absorption Spectra.The static electronic
collected, evaporated under vacuum, and dried in vacuo atabsorption spectra of p-HPcCo and p-HPcZn in DMSO are
100°C. Yield: 0.214 g (38.6%), deep blue powder. IR (cin shown in Figure 2. For both MPc solutions, there are two strong
1597, 1503, 1468 (€C, C=N), 1232 (Ar-O—Ar). 'H NMR absorption bands: the characteristic Q-band, corresponding to
(DMSO0): 6 9.0-8.85 (d, 4H), 8.558.45 (d, 4H), 8.2-8.05 the n—x* transition near 700 nMigax = 673 and 680 nm for

(m, 8H), 7.9-7.75 (m, 4H), 7.6-7.45 (m, 8H). Anal. Calcd for p-HPcCo and p-HPcZn, respectively) with a typical sharp profile
(CeoH32NgO12Zn): C, 64.21; H, 2.87; N, 9.98. Found: C, 64.01; for the Pc monomer& and the Soret band, corresponding to
H, 3.01; N, 9.57. the 7—sr* transition in near-UV region. It is reported that Pcs

Results and Discussion
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Figure 2. Absorption spectra of p-HPcCo and p-HPcZn in DMSO .
(6 x 1076 M). Delay Time(ps)
Figure 4. The experimental transient response (symbol) and fitted data
2500 70 (line) for p-HPcCo and p-HPcZn at 400 nm.
— 1 —o—p-HPcZnI
= 604 & ‘ pHPoCo triplet state, which dramatically quenches the excited state
8 ] o @%@ population. For p-HPcZn, there is still weak emission observed
8 501 f (%% due to the lack of this acceleration. The two-photon absorption
c 40_' g ° (TPA) may be enhanced by the four peripheral substitutents,
8 | S & serving as electron donor along with central metal atom to form
3 s0d S ) ; the D—s—A structure, which can significantly increase the two-
i l o © photon absorption cross secti#¥! Similar results were reported
£ 20l & %@g O' by Michel Fournier et al. in their studying of the two-photon
= &g 9.0‘ d photodynamics of copper and nickel Pc tetrasulfontftes.
S 0 v ’QV Pump—Probe Dynamics Study.The pump-probe technique
_8 b allows us to measure the lifetimes of excited states. Figure 4
o - 04 . . . . shows the one-color pump-probe dynamics of two samples
400 440 480 520 560 600 440 480 520 560 600 carried out at a wavelength of 400 nm, where the fitting curves
Wavelength (nm) Wavelength (nm) are also shown in the figure together with the normalized
Figure 3. One-photon (a) and two-photon (b) photoluminescence experimental (_:Iat_a. The molecyles can be ef_f|C|entIy .eXCIted by
spectra of p-HPcCo and p-HPcZn in DMSO %6106 M). Excitation pump beam via linear absorption. The transient profiles of two
wavelengths were 400 and 800 nm, respectively. sample solutions in DMSO at three different concentrations (12,

6, and 3uM, data not shown) were also acquired, which showed

tend to form aggregates in water, while in DMSO they exist no distinct dependence on the concentration, strongly indicating
predominantly in the monomeric form and exhibit very different  that they were in the monomeric form in DMSO, not molecular
dynamics from that of aggregat¥s. aggregate$!

Photoluminescence Spectratigure 3 shows one-photon PL The signals of two MPc molecules show similar transient
emission spectra (a) and two-photon PL emission spectra (b)behavior with a very fast decay component and some slow
of p-HPcZn and p-HPcCo. Under excitation at 400 nm, they components. From the multiexponential functions fitting (bi-
showed weak PL emissions centered at 495 nm. The PL intensityexponential for p-HPcZn and three-exponential for p-HPcCo,
of p-HPcCo is about 40% of that of p-HPcZn. Under excitation respectively) with deconvolution of the instrumental response,
at 800 nm, an even weaker emission centered at 495 nm withthe lifetimes for decay processes are determined to be 0.21 and
a full width at half-maximum of about 100 nm was observed 32 ps for p-HPcZn while 0.29, 1.9, and 9 ps for p-HPcCo, as
for p-HPcZn, while the PL emission of p-HPcCo is too weak shown in Table 1. The ultrafast decay process, less than 300
to be detected. Because of the facts that there is nearly no onefs, may be ascribed to the intraband energy relaxation of the
photon absorption at 800 nm and the sum of two incident photon first excited state via vibrational cooling. The second decay
energy is within the absorption band, the observed PL emissionprocess, corresponding to the formation of CT state of p-HPcCo
should be reasonably generated from two-photon excitation. It (@bout 1.9 ps), is certainly much faster than that of p-HPcZn
is known that porphyrins with open-shell metal atoms generally (about 32 ps), because the coupling between the d-electron and
have short excited state lifetimes, due to rapid charge transferz-orbital can provide additional channels for deactivattof
from the excited porphyrin to the metal atofi$n Co ion, there and can also accelerate the intersystem crossing. The third
is an unpaired electron in garbital. According to the research ~ process in p-HPcCo dynamics with lifetime of 9.0 ps represents
of Ake and Goutherma#t® interaction of the electron with the  the evolution of the CT state, including transfer to the triplet
singlet and triplet states induces the formation of doublet and state or return to the ground state.
quadruplet states; the ground state is a doublet, whereas the To gain more information about the excited state dynamics

low (z—x*) excited states are singdoubléQ(r,7*); a trip- of two MPc molecules, we also carried out two-color pump-
doublet 2T (r,7*); and a tripquadrulet'T (zr,7*), from the high- probe experiments. Figure 5 shows the excited state dynamics
est to the lowest. The deactivation pathway suggested by Antipasof both samples in DMSO at three representative probe
et al. was in a two-stefQ — 2T — charge transfer (CT) staté. wavelengths under 800 nm excitation (Figure 5a for p-HPcCo

Cobalt ion could accelerate the transition from CT states to and Figure 5b for p-HPcZn, respectively). Very different features
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TABLE 1: Summary of the Lifetime Data of p-HPcZn and In fact, we did two-color pump-probe measurements at many
p-HPcCo in DMSO different probe wavelengths, but these traces for the three probe
decay/ps (%) wavelengths given in Figure 5 are representative. Usually, the

compd Apumpiprabdnm o o o long lifetime and the resulting large population of the excited

state would lead to high intensity of PL emission; it is true for

p-HPcCo 400//400 029(76)  1.9(14) 9(0)  p-HPczn. The calculated rate constants (the influence of TPA
E:Eggég ggg,ggg g:éé (((752; % %g B process has been eliminated) of the excited states are also listed
800/621 051(47) 58(s3) - in Table 1.
800/661 0.52 (57) 10 (42) - All curves for p-HPcCo showed two-process character while
p-HPcZn 800/510 37 - - only one-process character showed for p-HPcZn, which should
800/621 82 - - be caused by energy splitting induced by the unpaired electron
p-HPCCo 84?8(/)?56611 53 no_signal B in the Co atom. For p_—HPcCo, the fa_st process with lifetime
400/621 0.98(91) >100 (9) _ about 0.5-0.6 ps is attributed to formation of the CT state, and
400/661 0.89(57)  10(43) _ the second process is attributed to transition from the CT state
p-HPcZn 400/561 313 — - to the split triplet state. For p-HPcZn, the only process relating
400/621 89 - - to the transition from the CT state to the normal triplet state
400/661 700 - - has a lifetime of tens of picoseconds.

Two-color pump-probe measurement was also carried out
were observed at the three probe wavelengths. Notice that thesavith a pump wavelength of 400 nm (shown in Figure 6). The
molecules have very weak absorption at 800 nm (shown in main results of the observed dynamics are similar to those with
Figure 1) and the observed up-conversion photoluminescence800 nm pumping. By tuning the probe wavelength from 700 to
emission of p-HPcZn centers at 495 nm, so we conclude that500 nm, the dynamic behavior gradually changes from PB to
both molecules show two-photon absorption character. PA, depending on the relation of the absorption cross sections

At a probe wavelength of 510 nm, where both molecules seem between the ground state and the excited state. Because there
to be transparent, the dynamics is dominated by the transientiS weak absorption at the blue side of the Q-band, at probe
absorption signal, which means that the excited state has a largefvavelength shorter than 600 nm, the dynamics is dominated
absorption cross section than the ground staig,> g4 An by the PA feature.
interesting phenomenon is that there is a sharp PA peak observed The main difference of the dynamics between two pump
in p-HPcCo within the time scale of pulse duration. We ascribe wavelengths is that there is no ultrafast component under
this ultrafast peak to the TPA process, absorbing one photonexcitation at 400 nm. We concluded that the sum of two-photon
from the pump pulse and another photon from the probe pulse (800 and 506-600 nm) energy just locates in the Soret band
simultaneously® This special TPA process can only happen (see Figure 2), so molecules could simultaneously absorb two
within the cross-correlation time between the pump beam and photons, one from the 800 nm pump beam and the other from
the probe beam. The subsequent decay dynamics of the PAthe probe beam, and induce a sharp cross-correlation signal in
signal just reveals the relaxation of the population in the excited the dynamic curve. When excited at 400 nm, the sum of the
state. For p-HPcZn, there is a more effective population two-photon energy is beyond the Soret band, so we did not see
excitation in the excited state, which generates a more intensethe TPA process. To obtain an accurate value of the decay time
PA signal, leading to the ultrafast peak being hidden. The of the PA and PB processes, the experimental data were fit to
recovery times of PA signal for p-HPcCo and p-HPcZn are a convolution of the multiexponential (biexponential for p-
found to be 0.7 and 37 ps, which reflects the formation of the HPcCo and monoexponential for p-HPcZn) function and a
CT state. The subsequent process of p-HPcCo with a lifetime Gaussian function (listed in Table 1). It can be seen that the
of 9 ps suggested relaxation from the CT state to’fhestate. relaxation of the excited state in p-HPcCo is certainly much

At 621 nm, the dynamics appears quite different from that at faster than that of p-HPcZn.

510 nm. Because there is an absorption shoulder around 620 Time-Resolved Photoluminescence Studyrigure 7 shows
nm, the absorption cross section at this wavelength, which is the TRPL dynamics excited by 400 nm femtosecond pulses and
larger than that at 510 nm, would be comparable or even largerdetected at the peak wavelength of PL emission of p-HPcZn in
than that of the excited state. From Figure 5, we can see thatbMSO. Because the PL emission band covers more than 100
the main dynamics of both samples turns to a weak photo- nm in the visible range, as shown in Figure 3, the states relating
bleaching (PB) feature, demonstrating that the absorption crossto PL emission contain different energy levélsOne decay
section of the ground state surpasses that of the excited stateconstant is acquired after fitting experimental data with a
Of course, the ultrafast PA peak, which is very clear for both monoexponential function. The lifetime of PL emission band
samples, can still be ascribed to the special TPA process. (~52 ps) is on the same order as that determined from two-

When the probe wavelength was tuned to 661 nm (near atcolor pump-probe results. The excited state lifetime of p-HPcZn
the absorption peak of the Q-band), both samples show intensés relatively long comparing to that of p-HPcCo, resulting in
PB behavior at this wavelength. The PB signal for p-HPczn much more intense PL emission.
solution is more intense than that of p-HPcCo, reflecting the  For illustrating the processes happening in two MPc solutions,
fact that there is more population in the excited state of p-HPcZn we propose energy level diagrams, which are shown in Figure
than in p-HPcCo. In addition to the intense signal, the slow 8. These models are extended from a four-level model proposed
decay of the PB signal of p-HPcZn is again observed, showing by Ake and Couterman for Cu-centered porphyfhshe
the long lifetime of the excited state in p-HPcZn. At all three excitation of the 400 nm beam excites the molecules to the high-
probe wavelengths, the decay dynamics of the transient signallying levels of the first excited state, from which the energy
in p-HPcZn are always slower than those in p-HPcCo, demon- relaxes rapidly to the lowest vibrational level and then transfers
strating the longer lifetime of the excited state in p-HPcZn, to the CT state, from which they finally relax to the triplet state
which is in agreement with the measured PL emission spectra.via intersystem crossing.
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Figure 5. Two-color pump-probe traces of p-HPcCo and p-HPcZn (as labeled in each panel) in DMSOX8 M) at three probe wavelengths
with 800 nm pumping: (a) the dynamics of p-HPcCo, (b) the dynamics of p-HPczZn.

a). p-HPcCo b). p-HPcZn

Change in Transmittance (a.u.)

4 6 g8 10 12 1
Delay Time (ps) Delay Time (ps)

Figure 6. Two-color pump-probe traces of p-HPcCo and p-HPcZn (as labeled in each panel) in DMSOO®6 M) at three probe wavelengths
with 400 nm pumping: (a) the dynamics of p-HPcCo, (b) the dynamics of p-HPcZn.

For p-HPcZn, only four energy levels exist in our model, For p-HPcCo, the unpaired electron in the d-orbital couples
due to a lack of energy-level splitting induced by the unpaired with thes-orbital system and splits singlet into doubletg {S
electron (shown in Figure 8A). The pathways to depopulate the 2S,, S; — 2S;, and $ — 2S;), while the normal triplet state
excited state are nonradiative relaxation to the triplet state andsplits into a doublet (tripdoubléfl ;) and a quadruplet{;).1°
the spontaneous radiation to the ground state. The decay timesTherefore, the model for p-HPcCo contains five energy levels.
are close as the probe wavelength was tuned under excitatiorBecause the population in the; State exhibits a larger
at 800 nm, indicating that the decay times reflect the lifetime absorption at 510 nm than that in the ground state, this induces
of the same CT states, and different probe wavelength refers toa transient absorption signal in two-color purprobe experi-
different involved energy levels in CT states. But under 400 mental dynamics. At 621 nm, the dynamics is a mixture of the
nm excitation, the lifetimes of the excited states at different sharp TPA peak and PB signal, while at 661 nm there is pure
probe wavelengths scatter a lot, which may show different PB signal because of the large absorption cross section of the
behaviors of the different excited levels. ground state. We suggest that it is the unpaired electron dramat-
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Figure 8. Energy level diagrams for p-HPcZn (A) and p-HPcCo (B).

ically quenching the PL emission in p-HPcCo that results in

the great difference between the two samples.

Yan et al.

shell metal ion (Zn) into Pc cores can lead to the slower
relaxation of the excited state than MPc with an open-shell metal
ion. In addition to this, binding an electron donor or acceptor
to form a D-7—A (A—xn—A) structure in MPcs can greatly
improve two-photon absorption, just as for sulfonic naphthoxy
substituents in our experiment.
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