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Charge-Transfer States Determine Iron Porphyrin Film Third-Order Nonlinear Optical
Properties in the near-IR Spectral Region

Jonathan Humphrey and Darius Kuciauskas*

Department of Chemistry, Virginia Commonwealth Lémsity, 1001 West Main Street, P.O. Box 8420086,
Richmond, Virginia 23284-2006

Receied: April 1, 2004; In Final Form: June 1, 2004

Femtosecond degenerate four-wave mixing (DFWM) was used to study third-order nonlinear optical properties
of electropolymerized Fe(lll) tetrakis{hydroxyphenyl)porphyrin films. Third-order nonlinear susceptibility
y1118(—w;w,0,—w) was determined at 76aL350 nm. Susceptibility® values for a 500 nm thick porphyrin

film ranged between 215)x1072 m?V~2 ((1.4—10.7)x10*? esu). The time response of electronic
nonlinearities was faster than 120 fs. The sum-over-states model was applied to determine real and imaginary
components fog® and molecular second hyperpolarizabilify, At wavelengths<800 nm, porphyrin film

%@ is enhanced due to the 700 nm one-photon charge-transfer (CT) band. Nonlinear properties at longer
wavelengths are determined by a two-photon resonance with a 17 48Gtate. This state was not observed

for other porphyrins and is attributed to a two-photon CT transition. Due to the resonance with the two-
photon state, porphyrin Ip®® and two-photon absorption cross-sectibiincreased about 10 times when
compared to values in the long-wavelength limit. Because of the contributions of the two-photon state, real
component Re® had a negative sign in the near-IR spectral rangey®e~x —6x1072° m?V 2 at 9000-

13 000 cn1'. Results suggest that transition metal CT states can improve third-order nonlinear properties of
organic materials.

Introduction

Organic materials are actively explored for third-order
nonlinear optical applications such as ultrafast all-optical
switching, optical memory, optical power limiting, 3D micro-
fabrication, photodynamic therapy, and fluorescence microscopy.
The chemist’'s goal in this work is to design molecules and
materials with high nonlinear coefficients and develop models
that can predict these characteristics from the molecular
structurel? The efficiency of processes related to two-photon
absorption is described by the imaginary part of the material's
third-order nonlinear susceptibility®, and molecular second

hyperpolanzablllt_y,_y. No(r;)llnear refraction is described by the photon absorption spectra (i) spectra) were already reported
real part of coefficienty™ andy. _ ~ for several porphyring1518|n contrast, previous nonresonant

Recently, third-order nonlinear properties of porphyrins, prwM or Z-scan studies that allow determination of both Re
porphyrin polymers, and porphyrin coordination compounds %® and Im¥® components were only carried out at a single
have been extensively studigd® This is related, in part, to wavelengtt-91112Thus, this paper appears to be the first report
wide porphyrin use in photomedicine and molecular phototiics. ¢ porphyrin Rey® and Im#® spectra in the near-IR.
Many important questions about porphyrin third-order nonlinear  \ye yse femtosecond degenerate four-wave mixing (DFWM)
properties remain to be addressed. In this paper, we considefq stydy porphyrin third-order nonlinear spectra. While more
the role of charge-transfer (CT) states in determining transition ¢omplex than other experimental methods, DFWM experiments
metal porphyrin thir_d-order nonlinear optical_properties. We yield y®(—w;w,0,—v) tensor components important for all-
study Fe(ll)Cl tetrakigg-hydroxyphenyl)porphyrinl), because  gptical information processing applications. DFWM experiments
of the importance of iron porphyrin CT states in photochemistry 450 allow the examination of the time dependence of nonlinear
and photobiology. CT states can be described as involving gjgnals,
ele<_:tron transfer from the porphyrin macrocycle to the metal d ‘g one-photon and two-photon transitions are important
orbitals’ for third-order nonlinear effects; thereforgl® spectra yield

To learn about electronic states giving rise to nonlinear properties of two-photon states that cannot be observed using
effects, experiments at different wavelengths are necessary; welinear spectroscopy. For a molecule with a center of symmetry
carried out such studies at 760350 nm, in the near-IR (D, symmetry forl), a change in parity between the initial
wavelength region important for telecommunications. Two- and final states is required for an electric dipole allowed one-
photon transition. In contrast, two-photon transitions are allowed
* Corresponding author. E-mail: dkuciauskas@vcu.edu. between states of the same parity. Using quantum chemical
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SCHEME 1: Schematics of an Optical Setup for Thin Film DFWM Measurements: (A) Arrangement of Laser Beams
(1, 2, and 3) and Signal Beam (4, 5, and 6) Propagation Directions; (B) Top and Side Views Showing the Sample, Lens
Used for Imaging, Screen, and Photodetectér

(A) (B)

Top view: beams:

photodiode
sample
f=15 cm lens screen
Side view: beams:
345

photodiode

sample
f=15 cm lens screen

a2 Numbers denote the optical paths of the respective beams.

methods, two-photomrr* states for metal-free, Zn(ll), and  grown for 30 min. The coated substrates were rinsed in
Mg(ll) porphyrins were found at 30 06683 000 cnil.19-22 acetonitrile and dried with a stream of nitrogen. UV/vis spectra
Two-photon fluorescence experiments found metal-free por- were recorded with an HP-8452A spectrometer. Resonance
phyrin two-photon states at similar energtés3In contrast, we Raman spectra were acquired with 532 nm excitation (10 mW).
find that much lower energy two-photon states are important SPEX model 1870 0.5 m spectrograph and Princeton Instru-
for Fe(lll) porphyrins. Fe(lll) porphyrin film third-order non-  ments 134&400 CCD cooled with liquid nitrogen were used.
linear susceptibility is enhanced at least several times due toThe porphyrin film thickness was determined with a step
the charge-transfer states. profilometer. The films were stored in the dark at room

We investigated porphyrin thin films prepared by electro- temperature; their optical characteristics did not change for
chemical polymerizatio&?28 Such simple preparation methods several months.

afforded films qf high optica} quality, transparent in near-IR, Degenerate Four-Wave Mixing (DFWM). A regeneratively
and stable in air for a long time. amplified Ti:Sapphire laser system (Spectra Physics) provided
) 120 fs, 0.8 mJ pulses at 76840 nm. Experiments at longer
Materials wavelength were carried out with excitation from an optical
Fe(llI)CI tetrakis(4-hydroxyphenyl)porphyrin (Porphyrin Sys-  parametric amplifier (OPA TOPAS, Quantronix). Pulses gener-
tems, Germany), analytical grade organic solvents (Aldrich), ated by OPA were also 120 fs fwhm; maximal pulse energy (at
and electrochemical grade terabutylammonium perchlorate 1200 nm) was 0.24 mJ. The spectrometer for nonlinear optical
(TBAP, Fluka) were all used as received. 1737 aluminosilicate experiments was described previouZljn DFWM experiments
glass substrates with and without conductive ITO layeg-(In  on supported thin film samples, signals have contributions from

[Sn]O, resistance 10@) were from Delta Technologies. both the thin film and a thick substrate. As such, it is necessary
to separate a thin film optical signal from a substrate signal.
Experimental Section As explained below, the optical setup of Scheme 1 allows such

Porphyrin Film Preparation and Characterization. ITO separation based on different thin film and thick substrate phase-

slides were ultrasonically cleansed in demineralized water, matchln_g propertie%’ ) ]
2-propanol, and acetone, dried with a stream of nitrogen, and  BY using a large (75 mm diametdry- 15 cm lens, we imaged
placed in an oven for a minimum of 15 min prior to film the |IIu_m|nated samp_le area to the photodetector (GalnAs
preparation. Porphyrins were dissolved (0.5 mM) in acetonitrile Photodiode for experiments ét>920 nm, and a PMT for
with 0.1 M TBAP as a supporting electrolyte. Nitrogen was €Xperiments at <920 nm). A metal screen blocked all beams
bubbled through the solution for 15 min prior to the application €Xcept the signal beam, which passed through an iris diaphragm.
of the potential and throughout the film growing process. By translating the micrometer-mounted screen, sighgis and
Porphyrin films on conductive ITO substrates were deposited 6 could be measured without realigning the optical beams or
in cyclic voltammetry and controlled potential experiments; both changing the sample or photodiode position. The time depen-
methods appeared to y|e|d films with the same absorption dence of nonlinear Signals was measured by making the optical
spectra. For cyclic voltammetry, a conventional three-electrode Path of beanB longer with a computer-controlled delay line.
system consisting of a platinum-working electrode, a platinum In DFWM experiments, three laser beams overlap in the
wire counter electrode, and an Ag/Agh@ference electrode  sample as shown in Scheme 1 (an@le= 4.1°). When all three
was used. When a two-electrode setup was utilized, a fixed laser pulses]( 2, 3) reached the sample simultaneously, the
potential (above 500 mV vs ferrocene/ferrocenium) was applied signal pulset was generated. Beapropagated in the direction

to platinum wire and ITO substrate electrodes. The film was satisfying strict geometric conditions (the phase-matching
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Figure 1. (A) Resonance Raman spectrum of porphyrin film measured with 532 nm excitation. Band assignments are based on variation of band
intensities in the polarized Raman specétt@) Electronic absorption spectra farin acetonitrile solution<) and for the porphyrin film (- - -).

conditions can be defined &s + k, = ks + ki, wherek; are In particular, frequencies of, (1360 cnT?, polarized) 19 (1513
wave vectors of corresponding optical beaisWhen the cm™t, anomalously polarized), ang (1547 cnt?, polarized)
sample being investigated consisted of thick substrate and thinbands in Figure 1A are characteristic of high-spin, oxidation
film, however, additional signal beams &nd6 in Scheme 1) state Il tetraphenyl porphyrir®S. Therefore, electrochemical
could be observetf Optical signals5 and 6 propagate in polymerization and film formation does not change the por-
directions shown in Scheme 1. The power of the phase mis- phyrin spin or oxidation state. This result is consistent with

matched signals and6 was reduced by a factér = [sin(x)/x]?, the mechanism proposed in the literature: tetrakis(droxy-
wherex = Akl/? and] is the thickness of the medium in which  phenyl)porphyrin polymerization occurs by forming bonds
the nonlinear signal is generat€diVhen the angle® are small,  between the hydroxypheny! substituents, while the porphyrin
Ak can be calculated ask ~ 270®?/(nl), wheren is a refractive macrocycle and metal remain unaffectéd.

index andi is the wavelength. For a glass substrétes 0.011 In agreement with assignment from the Raman spectrum, the

(Iglass= 0.7 mm). Therefore, beanssand6 have only negligible
contribution from the glass. In contrast, for a thin porphyrin . o (Fi ; ; ; ;
. o gure 1B) is typical of high-spin Fe(lll) porphy-
film, F ~ 1 (lporphyrin = 500 nm). Therefore, only the thin film ;s 3233\ hile the intense Soret band and less intense Q-bands
nonlinear properties were reflected in non-phase-matched S'gnalscharacteristic of all porphyrins are present, low energy CT
5 and6. ) ] . transitions (a,(7), au(r) — ey(dyz dz¥) result in the addition

All experiments were performed using laser beams of vertical o o peaks at 660 and 700 nm. In comparison to other
polarization (s-polarization); therefore, the results reflect values tetraphenyl Fe(ll)Cl porphyrin& hydroxyl groups induce a
of the 7111{%(~w;w,0,~w) tensor component. The energy of ey ghift of CT bands. In addition, the oscillator strength of
laser pulses for beanis-3 was 5-15uJ, and the intensity of  he hyrely electronic Q(0,0) band is reduced in comparison to
the respective beams was 10 GW/cn?. DFWM signals (signa) Fe(lI)Cl tetrapheny! porphyrin, and this Q(0,0) band is almost
had ClleoICl dependence on the excitation intensifys: Isignal completely obscured by a shoulder of the nearby Q(0,1) band.
0 laser™ A similar reduction in Q(0,0) band intensity was observed for

Fe(ll)Cl tetrakisp-metoxyphenyl)porphyrin& which suggests

Results that electron-donating substituents on the phenyl rings reduce

Preparation, Absorption Spectra, and Electrochemical Q(0,0) band intensity.
Properties of Porphyrin Films. In acetonitrile solution, the Changes in the film spectrum are consistent with observations
Fe(ll)/Fe(lll) redox couple was reversible; the potential was 620 Of similar system$?> The Soret band is red-shifted by ap-
mV vs ferrocene/ferrocenium. The oxidation and reduction peaks Proximately 20 nm and considerably broadened, while the
were unchanged in the initial scan when an ITO slide was used Q(0,1) band broadening is significant enough to completely
as the working electrode. With repetitive scanning, both obscure the Q(0,0) band. The CT bands show a slight shift to
reduction and oxidation peaks shifted to higher potentials (seethe blue. Additionally, the Soret band intensity is reduced, and
cyclic voltammetry data shown in the Supporting Information). the CT band intensities have increased. The red shift and
The oxidation and reduction waves also increased in amplitude weakening of Soret band could be attributed to excitonic
with each scan. Such characteristics indicate that a conductivecoupling between adjacent porphyrin molecules. The degree of
porphyrin polymer film was growing on the ITO electrothe’s dipole—dipole interaction is largely a function of transition
The polymerized film was not soluble in acetonitrile. Porphyrin  dipole moment. As the transition dipoles of the Q-bands are
film properties were investigated with resonance Raman and approximately 20 times smaller than that of the Soret band, the
UV—vis absorption spectroscopy. Resonance Raman dataenergies of these transitions are largely unchanged in the film
(Figure 1A) allow the determination of the porphyrin oxidation spectrum. The significant band broadening observed in the film
and spin state. As is typical for porphyrins, the bands at600 spectrum can also be a consequence of inhomogeneity associated
1600 cnt? correspond to in-plane porphyrin skeletal motfes! with irregular orientations of neighboring molecules.

electronic absorption spectrum of porphytinn acetonitrile
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Figure 2. DFWM kinetics measured at 1137 nm (8795 dn (A) Signals measured at position “4” (Scheme 1) for silica refereme dlass
substrate®), and ITO/glass4). (B) Signals measured at position “6” for glass substr@eand ITO/glassM). Inset: ITO film nonlinear spectrum
calculated from measurements at the “6” position.

Third-Order Nonlinear Properties of an ITO Substrate. nm; this ratio is approximately constant. On the basis of this
Porphyrin film was electropolymerized on a glass substrate result, we assume that the-o® value does not change in the
coated with an ITO layer; therefore, we first examine glass and wavelength range of the study. From the analysis of the
ITO nonlinear properties. Figure 2A shows DFWM kinetics for  porphyrin film yqum©® spectrum, thero® value was estimated
a silica reference and glass substrates with and without ITO as—2x1072° m?V~2 (see Discussion).
measured at the “4” position (Scheme 1). Silica is a convenient  Porphyrin Film Third-Order Nonlinear Properties. DFWM
reference material for measurements with femtosecond pulseskinetics at 1137 nm measured for porphyrin film electropoly-
because its third-order nonlinear susceptibilityics® = merized on glass/ITO substrate are shown in Figure 3A. Both
2.04x10722m?V—2is independent of wavelength and laser pulse porphyrin and ITO thin films contribute to this non-phase-
width34 (¥® values in Sl units can be converted to esu units matched signal, but analysis developed in the Discussion allows
using the following expression®(esu)= (4w x 10%)~LC)(SI), the separation of these contributions. In particular, the presence
wherec is the speed of light. Thereforggiica® = 1.46x10714 of porphyrin film reduces the 1137 nm signal as compared to
esu.) The unknown third-order nonlinear susceptibility for glass, ITO/glass substrate (Figure 2B). This reduction is observed
Xg|a5§3), is obtained from the amplitudes of the DFWM signals, because of the interference between the ITO and porphyrin
Isiicas @ndlgiassa by using the following equation (correct in the  nonlinear signals (a similar effect was reported for thermally

case of a nonabsorbing sampie): evaporated fullerene ¢ films on Cak substrates}® The
calculation for theesm® is based on a formula similar to eq 1,
@) _ ) Iglass4|silica nglass2 but the porp_hyrin film signallporphyrine IS compared to the silica
gass | = Wisiica A/ T 1. — 2 (1) reference signalsiicas
silica4 'glass Ngjjica
. N el N 2
wherelsiica = 1.0 mm andgass= 0.7 mm are the optical path |Xﬁ|m(3)| = |Xsi|ica(3)| porphyrin6 _'silica " porphyrin )
lengths in the two media, antkjica = 1.46 andngass= 1.53 lsiicas lporphyrin  Ngjjca”

are the linear refractive indices. Calculation yie|g§ias{®| =
1.5x1072 m2V =2 (1.1x 10~ esu).ysiica® is usually assumed  Becausenmorphyrin = 2.0° and lporphyrin = 500 nM, ysim® =
to be real and positive because near-IR wavelengths are very8.0x102° m?V~2 (5.7x 10 *? esu) at 1137 nm.
far from one-, two-, and three-photon resonances for this In addition to amplitudes, it is important to consider the time
material. Electronic states for glass are at energies similar to dependence of the DFWM signals. If excited states are formed
those for silica; therefore, we assume thats{® also has only following irradiation, much can be learned about the properties
a real and positive component, Rgas{® ~ |xgiast®| = of the excited states and intermolecular interactions from the
1.5x10°22 m2V 2, excited-state and the ground-state kinetics. On the other hand,
Next, we analyze the ITO nonlinear properties. The ITO for some nonlinear optical applications, it is desirable to avoid
signal4 amplitude is very similar to glass signélamplitude formation of excited states, as absorption leads to attenuation
(Figure 2A), and determination of ITO nonlinear properties from of optical beams and can induce photochemical damage to the
measurement at position “4” is difficult. As was described in material. As is evident from Figure 3A (also Figure 2A and B),
the Experimental Section, it is convenient to determine thin film all kinetics have fwhre125 fs, which is equal to the auto-
nonlinear susceptibilityyto® from the non-phase-matched correlation function width of the laser pulse. Porphyrin film
signall;ros (Measured at position “6”, Scheme 1). As is evident DFWM Kkinetics in Figure 3A decay to<1% of the initial
from Figure 2B, ITO signab is significantly larger than the  amplitude in about 200 fs, which suggests that nonlinearities
glass substrate signal. To calculgiey® according to aformula  are purely electronic and nonresonant. Different results were
similar to eq 1, we would need to know the thickness of the obtained for Zn(ll) porphyrin polymer films in experiments with
ITO layer. Our several attempts to measure this thickness werepicosecond pulses at 1064 nm, where residual amplitudes were
not successful; therefore, we only repdrde/lsiicag®® = 0.11 significant? Use of lower energy (but higher peak power)
at 1137 nm. The ratio of susceptibilities is thef| o/ |y siica femtosecond pulses in our experiments allows better charac-
= (liro6>Asilicanito?)/ (I siica’® A roNsiica) = 0.2 siicallito. The inset terization of porphyrin polymer films by eliminating resonant
in Figure 2B shows thel foe/lsiiicag)®-> Spectrum at 9261210 and thermal effects.
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Figure 3. (A) 1137 nm DFWM kinetics measured at the “6” position for porphyrin filj,(and for glass substrat®}. (B) Third-order nonlinear
susceptibility spectrumil{) at 760-1350 nm. For comparison, the linear absorption spectrainf@r porphyrin film is also shown.

Similar experiments measuring nonlinear signals at the “4” yum©® values in this spectral region can be well-approximated
and “6” positions were carried out at other wavelengths between by only resonant contribution.
760 and 1350 nm. Figure 3B shows fhg ) spectrum obtained

from measurements taken at position “6”. Because the ITO . . . . .
P Porphyrin Interactions in Electropolymerized Film. Elec-

substrate signal amplitude is approximately constant in thist thesi ious| dt hvrin films f
wavelength range (inset in Figure 2B), spectral features are due rosyntnesis was previously used 1o prepare porpnyrin fims for

to Fe(IINCI porphyrin film. The peak at8700 cm® (~1150 electrochemical and optical studi®¥s26 Murray and co-workers
nm) is in the wavelength region with no one-photon absorption proposed that the formation of hyd_roxyphenyl porphy”’.‘ films
(one-photon absorption spectrum is also shown in Figure 3B), IS analo_gous to the_ electropoly_menzatlon of phe?ﬁcﬁl_artlng

but the 8700 cm! peak can be related to two-photon processes. from th'? assumption, Sayenlje et al. have |nvest|gatgd the
Analysis developed in the Discussion allows the determination fmechansm O(; Zn(lly tet:jal:ﬁ;(thydrox%/hphegyl);()io]rcphyrlngll;n

of porphyrin real and imaginary second hyperpolarizability ormation and propose at an ether bond forms between

values and confirms the 8700 chpeak assignment to the two- adjacent porphyrins at the meta carbon of the phenyl #ing.
. These workers also determined that the porphyrin macrocycle
photon absorption process.

) ] ) ) is not affected by the polymerization process. Our studies
Nonlinear optical effects higher than third-order (such as g5t this conclusion. The porphyrin film does not dissolve
three-photon absorption) have been observed for organiciy acetonitrile, whereas porphyrin monomers are highly soluble
molecules at high excitation intensiti#hut we conclude that  j, this solvent. From resonance Raman and electronic absorption
hlgh_er-order processes QO not contribute s_lgnlflcantly to the spectra (Figure 1), we find that iron porphyrin oxidation and
nonlinear spectrum in Figure 3B. DFWM signals had cubic gnin states do not change during polymerization. Absorption
dependence on the excitation intensity, which is characteristic y3nds broaden and shift significantly, indicating electronic
of the ¥ process. Higher-order processes (for example, three- interactions between the porphyrins; however, Raman ang UV
photon absorption is described p§) nonlinear susceptibility) s data indicate that the porphyrin macrocycle is not affected
should have different intensity dependence in DFWM experi- py holymerization. While the porphyrins are linked by covalent
ments. In addition, absorption to the Soret band with the pongs, DFWM data indicate that electronic coupling between
maximum at 436 nm (22936 crh Figure 1B) cannot be  agiacent porphyrins is not strong. It is well-known that phenyl
achieved with three 8700 crhphotons. Because the selection groups substituted at porphyrin meso-positions form a dihedral
rules for one- and three-photon transitions are the same, three-ang|e with the porphyrin plane~60° in solution)3® This
photon transition energies usually match linear absorption peaksgeome'[ry reduces electronic coupling between porphyrins
well 7 Therefore, we do not c_onsi_der higher-order processes onnected through meta phenyl linkages. The increase in
when analyzing the spectrum in Figure 3B. electronic coupling is expected to yield large hyperpolarizability
Next, we consider the increase jiam©® values at>11 000 values’91112.15and electropolymerization of porphyrins with
cm ! in Figure 3B. The porphyrin CT absorption band has a different linkers that do not include the phenyl groups may vyield
maximum at 14 300 cnt and fwhm of 1020 cm?, and some films with higher nonlinear susceptibilitié4. Current films
absorption can be observed down to 12 500 &rTherefore, provide an opportunity to investigate effects due to Fe(lll) CT
largerynm® values in this spectral region can be related to the states.
resonance enhancement. Rebane and co-workers have found that Real and Imaginary Components of the Third-Order
metal-free porphyrin two-photon absorption-at2 500 cnt?! Nonlinear Susceptibility Tensor. The goal in this section is
is enhanced due to: (1) near-resonance with the longestto separate porphyrin two-photon absorption (#3) and
wavelength absorption band (Q(0,0) band in the case of metal-nonlinear refraction (Re/®) contributions to the spectrum
free porphyrins), and (2) two-photon (g symmetry) states at shown in Figure 3B. We also take into account &2 for the
~26 000 cnT1.13 Similar energy two-photon states for metal- ITO layer. We start by using a sum-over-states description for
free porphyrins were also predicted in calculatibhg? We the molecular second hyperpolarizabif§?We simplify general
cannot rule out thagsm® at >11 000 cnt! has contributions sum-over-states model by assuming that three states (ground
from similar two-photon states; however, modeling shows that state, one-photon and two-photon states) are required to describe

Discussion
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Figure 4. Real (- - -) and imaginary-{:+) components of the third-
order nonlinear susceptibilitym) of Fe(lll) porphyrin film. The right
axis shows the corresponding porphyrin molecular hyperpolarizability
values. Inset: Energy levels used in the simulation. Arrows illustrate
yn andy, processes contributing to the third-order nonlinearity (see
eq 3).

the porphyrin second hyperpolarizabilityporphyrin In this case,
YporphyriniS €xpressed as the sum of three terpasy,, andy,;:

v M012AM2 B M014
PPN () — 0 = IT)° (0, — @ — iTy)°
2 2
MOl MlZ

(0, — o — irl)z(wz — 20 —iTy) =ntrtru Q)

whereAu = u11 — uoois the dipole moment difference between
the first excited and the ground statdp; and Mj, are the
transition dipole moments for the-6 1 and 1— 2 transitions,
w is the frequency used in the experimemnt, and w, are the
frequencies derived from the excited-state energieand E,
(w1 = Ea/h and w, = Exfh; h is reduced Planck’s constant),

andTI'; and T, are dephasing parameters that account for the

linewidths. Porphyrin dipole moments in the ground and excited

states are similar (typical porphyrin Stokes shifts are only several

nanometers), and\u is much smaller tharMp; and Mj.
Therefore, in the first approximatiory, can be neglected in
the analysis and only; andy,; terms will be considered. Term
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unknown parameter in eq 3 is the energy of the two-photon
state,E,. E; = 14 300 cm! corresponds to the CT band in the
linear absorption spectrum. Fby andT’,, we use 900 cm,
similar to the width of the CT absorption band. A bandwidth
of this order corresponds to the electronic dephasing time of
10 fs (T2 = h/Toy), typical of porphyring't

Assuming random porphyrin orientation in the electropoly-
merized film, porphyrin film nonlinear susceptibilimorphyrm@)
is related to the molecular hyperpolarizabilityorphyrin @S:

B) — NFA
Xporphyrin = Nf

®)
wheref is the local field factorf = (n? + 2)/3;f = 2.0 based
on n = 2.0 (refractive index was determined for a spin-cast
porphyrin polymer filnf). From Beer's law, the molecular
number densityN = 1000ANa/(elporphyriy, Where A is the
absorption at the maximum of the Q(0,1) bahd= 6.2x 10?¢
molecules m®based oA = 0.64 anck = 1.25x10* M1 cm™

at 700 nm. Finally, the total nonlinear susceptibilifym® is:

Vporphyrin

Xfilm(S) = RE(Nf 4ypoprhyrin + XITO(S)) + iNf 4Im(yporphyrir‘) (6)

Equations 3 and 6 were used to simulate the experimental
¥iim® spectrum; Figure 4 shows the results, real, imaginary,
and absolute values of the third-order nonlinear susceptibility
and molecular hyperpolarizability. The determined transition
dipole momenMsi, = 4.2 D has a value similar to that &o;.

The excited two-photon state energy determined in simulation
is E; = 17 400 cmrl. The presence of such a state is evident
in the spectrum, and variation of other fitting parameters does
not change th&; value. Reyto® determined in simulation is
—2x1072° m2V~2, Next, we analyze Regim® and Im ygim©®
spectra from Figure 4.

Two-Photon Absorption in Fe(lll) Porphyrin Film. From
the Im yporphyrin Value, we calculate the two-photon absorption
cross sectiony, which is commonly used to report two-photon
absorption efficiencyep is the electric constand):

67°h
ow) =—=
(@) €A

f4lmy(—a);a),a),—a))

()

One-photon and two-photon absorption spectra are compared
in Figure 5. The frequency axis of the two-photon spectrum
(top axis) is divided by 2, because the energies of the two
photons are added in a two-photon transition. Such a graph can

yu describes resonant one-photon contribution to third-order pe sed to evaluate two-photon absorption when laser frequency
nonlinearity, and/ describes two-photon processes (see inset is 1 ned between 6000 and 11 000 &rtL660-900 nm). When

in Figure 4).Mp; can be obtained by integrating the porphyrin
absorption spectrum in the CT band region:

_ 1500fc)*In 1

0
Mo, ANLE, f e(v) dv

(4)

where Na is Avogadro’s numberg(v) is the extinction co-
efficient, c is the speed of light, and is the wavenumber.
Calculation yieldsMo; = 1.3 D (4.3x10°2° C m in SI units).

shown in this way, the two-photon absorption band overlaps
the weak Q(0,0) band in the one-photon spectrum (also see
Figure 1).

We first consider if the two-photon absorption is enhanced
due to overlap with the Q(0,0) band. Metal porphyrins have
D4n symmetry, and therefore porphyrin electronic ground state
has g parity. One-photon absorption corresponds to an allowed
electronic transition frm a g parity ground stateta u parity
excited state. Selection rules for two-photon transitions are

M1 describes the transition between the excited one-photon stateopposite: two-photon absorption is allowed for an electronic
and a two-photon state and could be estimated using a formulatransition from the g parity ground state to the same, g, parity

similar to eq 4 if excited-state extinction coefficients were

excited state. Therefore, for a porphyrin withy, symmetry,

known. In the visible spectral range, porphyrin excited-state two-photon absorption to a Q(0,0) band is not allowed.

extinction coefficients have values similar to the ground-state
extinction coefficient384°We are not aware of Fe(lll) porphyrin
excited-state extinction coefficient measurements at +0G00

However, phenyl rotation or intramolecular interactions can
reduce porphyrin symmetry and make two-photon absorption
in the Q-band region possible. Kruk et al. have proposed that

nm and will treatM;, as an adjustable parameter. The second this effect is more significant for the Q(0,1) band because the
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Laser Frequency, cm’’ photon states can also be important in optimizingalues in

6000 7000 8000 9000 10000 11000 organic materials.
" " Nonlinear Refraction in Fe(lll) Porphyrin Film. Nonlinear
susceptibility Rey®(—w;w,w,—w) measured in the DFWM

75 10000 experiment is directly related to optical switching and other
. effects based on nonlinear changes in the index of refraétion.
L 8000 This paper appears to be the first report of the porphyrin Re
"= 1O (—w;0,0w,—w) spectrum in the near-IR spectral region.
3 7 Ls000 - Previous nonresonant studies were carried out at a single
< ' wavelength of 106%79%11or ~800 nm810.12
« As shown in Figure 4, Fe(lll) porphyrin film has a negative
25 ] 4000 Re ¥®m in a broad spectral range. The value for molecular
- hyperpolarizability is Reporphyrin~ —5x 10748 m5V ~2 at 9006~
L2000 13 000 cmt. According to eq 3, R porphyriniS Negative when
I the photon energy is higher thdf/2 (2hw > E;). Organic
0 : : : N 0 nonlinear materials with Rg®® < 0 are not commof¥! but are
12000 14000 16000 18000 20000 22000 potentially important, because in such materials laser light is

Wavenumber, cm’” defocused, thus protecting the material from optical damage (in

. . " ) :
Figure 5. Linear absorption spectrum-) and two-photon absorption contrast, materials with posmve.% focus light). .

spectrum (- - -) for Fe(lll) porphyrin film (GM units were used foy Metal-free and Zn(ll) porphyrins also have negative Re
1 GM = 1x1075° cn's). values at 106%” and 800 nn# contributions from two-photon

states were used to explain this sign. Because two-photon spectra
Q(0,1) band has both electronic and vibrational contributions for metal-free porphyrins are different from Fe(lll) porphyrins
and reduction in symmetry changes the parity of vibrational (see previous section), different two-photon states must be
wave functiong3 We observe the opposite casetwo-photon  relevant for metal-free and Zn(ll) porphyrip® frequency
absorption is stronger in the purely electronic Q(0,0) band region dispersion in the near-IR spectral range. Detailed studies of other
but not in the vibrationallelectronic Q(0,1) band region. Organic materials have shown that more than three states could
Therefore, changes in symmetry are not likely to lead to two- be required to explaip® frequency dispersiof?.Measurements
photon absorption to the Q(0,1) band, and a different origin of of x® spectra for other porphyrins would show if this is the
two-photon absorption should be considered. case for tetrapyrrolic compounds.

Next, we consider if porphyrin macrocycter* two-photon )
states could explain the two-photon spectrum in Figure 5. Two- Conclusions

photon states for several (but not iron) porphyrins have been \yo report detailed femtosecond DFWM studies of Fe(lll)
investigated at different levels of theol§r.22 Metal-freel®21 porphyrin electropolymerized films and find thgém® and
Zn(Ih), and Mg(lI¥° porphyrin two-photon states were found ' " ‘frequency dependence in near-IR are well described
at 30 006-33 000 cm* in the Soret, but not the Q-band region. 5 three-level model. An increase in nonlinear coefficients at
Electronic interaction between porphyrins can lower the energies _gqg nm is due to the near-resonance enhancement in the CT
of the two-photon states, but such interactions also lead 0 panq: these characteristics are similar to those of other porphy-
significant changes in the one-photon spectfiifhe porphyrin - ins " addition, a two-photon state at 17 400 dnwas
1 film one-photon spectrum is similar to the spectrum in - jqentified. Such states were previously not observed for metal-
solution (Figure 1); therefore, it is unlikely that the energy of fee tetrapyrrolic compounds; therefore, it is attributed to CT
mriltwo-photon states could change fron80 000 to 17400 yansitions. Due to the resonance with the two-photon state,
cm ¥iim® increased more than 10 times when compared to values
Because the iron porphyrihtwo-photon spectrum is different  in the long-wavelength limit. The time response of nonresonant
from a metal-free porphyrin two-photon spectrum (as well from electronic third-order nonlinearity in porphyrin films is faster

spectra of other metal-free tetrapyrrolic compouitignd than 120 fs.
Q(0,0) band overlap arz* two-photon states cannot explain
this difference, we speculate that the 17 400 &state is likely Acknowledgment. We thank Dr. James Terner for resonance

to be an Fe(lll) CT state. It would be interesting to examine Raman measurements and spectral assignments, Dr. Michael
such an assignment in calculations. An alternative explanation A, Reshchikov for porphyrin film thickness measurements, and
would involve intermolecular charge transfer and excimer Dr, Fred M. Hawkridge for help with electrochemistry experi-
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Karotki et al. have measured= 1-6 GM for a metal-free
tetraphenyl porphyrin in the 116A.400 nm rangé? In the zero- Supporting Information Available: Figures S1 and S2

frequency (low energy) limit, a simila® value can be showing the cyclic voltammograms for Fe(lll)Cl tetrakis(
extrapolated fof (Figures 4 and 5). In the near-IR wavelength hydroxyphenyl)porphyrin measured with Pt and ITO working
range,o for 1 is significantly higher §max = 82 GM at 1150 electrodes. This material is available free of charge via the
nm), which is attributed to a two-photon resonance due to CT Internet at http://pubs.acs.org.
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