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ABSTRACT: The two-photon absorption and excitation — t.0p " 7 0o T
spectra in the Q-band region (900—1360 nm) were measured , %9 ome t\g,?c.tz:]n E
for a number of porphyrinoids, including simple porphyrins £ o7k i | one-photon 3
(porphin, meso-tetraphenyl-porphyrin), chlorins (meso-tetra- £ (gf i | absorption
phenyl-2,3-dimethoxychlorin), and porphyrin and chlorin-like 3§ 0.5F

analogues (meso-tetraphenyl-porpholactone and meso-tetra- ; 0.4F
phenyl-porpholactol, respectively). These molecules were 3% 0-3f

chosen to provide a series of compounds that differed @g'fg N :
structurally only in “single points”. Vibronic structure is o E E
observed in the two-photon spectra for all porphyrinoids 220460 480 500 520 520 60 ‘280 6006

investigated, but their relative intensities show distinct Wavelength (nm)

differences from the vibronic development observed in the

corresponding one-photon spectra. A Franck—Condon analysis provides insight into the observed differences. The calculations
also indicate that the two-photon absorptivities are associated primarily with Type I processes involving multiple intermediate
states, and that accurate assignment requires a summation over at least 30 intermediate states. The Q-bands of the meso-
tetraphenyl-2,3-dimethoxychlorin exhibit anomalously high two-photon absorptivities, which we have traced to facile
conformational distortion of the chlorin chromophore. Calculations indicated that the relative Q-band absorptivities are
sensitive to the phase and magnitude of the chlorin ring distortions.

B INTRODUCTION photon absorption in the NIR domain,"®~** we focus here on
enhancing the two-photon absorptivities of the two lowest-lying
singlet states of porphyrin and chlorin analogues. The quadratic
dependence of two-photon absorption on laser intensity allows
for high spatial resolution of the PDT event and three-
dimensional selectivity to target tumors at greater depths.
Porphyrins comprise four pyrrole subunits linked by methine
bridges, which yields a closed-conjugated aromatic 18 7-
electron system that is cross-conjugated with two f,4'-double
bonds (Figure 1). The fully unsaturated aromatic structure is

Blue and green light, the wavelengths absorbed best by regular highly planarized and dominates the chemical and physical

porphyrins, do not penetrate tissue to any appreciable depths prop.e.rties of p 9rPthinS- Electronic  properties are highly
and possess low spatial selectivity due to scatter.!>'* sensitive to modifications of one (or both) of the f,-double

25,26 . f .

Two-photon absorption is a nonlinear optical process that bonds.. Reductlo'n of a ff '-flouble bond results m the
involves the simultaneous absorption of two photons.'>'® This formation of a chlorin. The addition of meso-aryl substituents
optical process provides an advantageous alternative for generally leads to little cross-talk with the ) p(.)rphyrlrllmd
activating porphyrin photosensitizers because it promotes the chromophore because. o-ary I—Fo—ﬁ -hydrogen SteI'I.C mte.ractlo.ns
chromophore into an excited state using the combined energy hold the aryl groups in 1deahz§7d orthogonal -orlen.tatlon with
of two near-infrared (NIR) photons (1 &~ 700—1400 nm), respect to the chromophore;”” however, distortion to the
which typically fall in a region where no one-photon absorption macrocycle core often permits interaction with meso-substitu-

exists for the molecule. Importantly, the NIR reglon also falls

The nonlinear optical properties of porphyrins and related
oligopyrrolic compounds have been widely investigated due to
their potent1al utility in medical and optical sensing
technologies.'™ For instance, the ability of porphyrins and
chlorins to generate the highly cytotoxic singlet oxygen (‘O,)
upon irradiation with visible light recommends them for use in
the photodynamic therapy (PDT) of tumors."'*~'* However, a
major limitation of one-photon-mediated PDT is associated
with the visible wavelengths needed to activate a porphyrin.

within the optical window of biological tissue.'” While Received: November 25, 2014
significant effort has been directed toward the design of Revised:  January 16, 2015
porphyrins, chlorins, and bacteriochlorins to enhance one- Published: January 21, 2015
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Figure 1. Chromophore structure of porphyrins and chlorins and the
naming convention of the meso- and f-positions.

ents and leads to modulation of the optical properties of these
systems.28

The entirely unsubstituted porphyrin macrocycle is referred
to as porphin (Figure 1). Gouterman’s four-orbital model of
porphyrins describes the origin of the linear absorption of
porphyrins and chlorins by transitions within the two highest
occupied molecular orbitals (HOMOs) and the two lowest
unoccupied molecular orbitals (LUMOs).>* The one-photon
absorption spectrum of porphin is composed of a Soret band
(also called B-band), an intense band found at ~400 nm, and a
set of Q-bands between 500 and 650 nm that decrease in
intensity with increasing wavelength. Figure 2 demonstrates
that the Q, (570 nm) and Q (500 nm) transitions correspond
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Figure 2. Coordinate systems used to assign the low-lying weakly
allowed (Q) bands and the higher energy, strongly allowed Soret (B)
bands in porphin (A) and chlorin (B) systems. Note that,
unfortunately, the historical assignments create a situation where the
lowest Q-band in porphyrins is designated Q,, whereas the lowest Q-
band in chlorins is designated Q,.
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to the x- and y-polarized transitions.>® As defined by
Gouterman,” the x-axis runs through the sp*hybridized
nitrogen atoms, whereas the y-axis runs through the sp’-
hybridized nitrogen atoms. The symmetry of the four molecular
orbitals (MOs) are also shown in Figure 2192122 The electron
density of the b, and ¢, orbitals are dominated by f,4'-double
bonds, and are therefore destabilized upon saturation of the
double bond.>"** Substitution and/or oxidation of the 3,/
double bond of porphin also reduces the symmetry, which
broadens the Soret band due to an increased separation of two
degenerate energy levels.”

Reduction of the free-base porphyrin to chlorin decreases the
symmetry of the chromophore to C,,, generating characteristic
chlorin optical spectra.**~** The B-band to Q-band ratio and
the Q, to Q, band ratio are modulated relative to those of
porphin. The intensity of the Q-bands depends on mixing with
the B-bands, which is proportional to the square of the energy
gap between these orbitals.*® Moreover, the increased
conformational flexibility of the chlorin chromophore leads to
a broadening of the spectral features, and any nonplanar
conformations lead to a general red-shift of the spectra.”>*® We
will adhere to the historical axis labeling convention shown in
Figure 2, in which the lowest energy singlet state in porphyrins
is labeled Q,, whereas the lowest energy singlet state in chlorins
is labeled Q,

The classic porphyrin sensitizers used in PDT, such as
protoporphyrin IX and Photofrin, are characterized by low two-
photon cross sections.*”** This led to the development of
porphyrinoids with enhanced nonlinear optical properties.
These structures include, inter alia, diporphyrins,®”*® asym-
metric meso-substituted molecules*' ~** and 7-expanded macro-
cycles,*™* polymer-templated J-aggregates,* and self-as-
sembled supramolecular porphyrin chains.**~>* The modified
structures are still capable of generating 'O, via energy transfer
processes, the mechanism of which is referred to as Type II
PDT. Note that the Type I (electron transfer) and Type II
(energy transfer) nomenclature associated with PDT are
separate from the Type I and Type II two-photon processes
described in detail below.

In this study, we examine the two-photon properties of the
low-lying Q-bands of porphyrin and chlorin derivatives. The
majority of previous studies have been directed at the Soret
bands, which have intrinsically large oscillator strengths. When
substituents are added that induce charge transfer character
into the Soret band, the Soret bands have been shown to gain
high two-photon absorptivities.*>*>47535%

We prepared a series of strongly fluorescing porphyrinoids
that allow a systematic study of the effects of “single-point”
modulations of the chromophore itself, also varying symmetry
and dipole moments (Scheme 1). The parent compound, meso-
tetraphenyl-porphyrin (TPP), was converted, in three steps, to
the stable symmetric chlorin, meso-tetraphenyl-2,3-dimethoxy-
chlorin [(OMe),TPC].>> A two-step oxidation of TPP
replaced a porphyrin double-bond with a lactone moiety,
generating meso-tetraphenyl-porpholactone (TPL).*® From
previous studies, we knew that this compound showed some
spectral characteristics of a porphyrin and a chlorin.*® Lastly, a
reduction of the lactone generated meso-tetraphenyl-porpho-
lactol [(OH)TPO] , a typical chlorin but with an asymmetric
chromophore.’® We have shown previously that the replace-
ment of an sp carbon by an oxygen led to enhanced single-
photon absorptivities.*® In addition, a comparison of porphyrin
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Scheme 1. Structures and Synthetic Pathways of the f,f'-
Modified Chromophores Investigated
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with TPP allows the study of the influence of the presence of
meso-phenyl groups.

The primary goal of this study is to understand both the
vibronic and electronic characteristics responsible for the
nonlinear optical properties of the Q-bands in porphyrins and
chlorins. The principal value of this series of molecules is the
opportunity to more fully characterize the mechanism of two-
photon absorption into excited states in cases where
absorptivity was not gained through resonance with lower-
lying states. We will also demonstrate that despite the low one-
photon oscillator strengths of the Q-bands, large two-photon
absorptivities are possible when the chromophore is derivatized
in a way that introduces some degree of chromophore
nonplanarity.

B EXPERIMENTAL SECTION

Materials. Porphin was purchased from Frontier Scientific
(Logan, UT) and rhodamine 6G and rhodamine B were
purchased from Eastman Kodak Company (Rochester, NY). All
other chromophores were prepared as described in the
literature: TPP was synthesized according to the method of
Adler;>” (OMe),TPC was prepared by dihydroxylation of TPP
and subsequent alkylation of the intermediate dihydroxychlor-
in;>° oxidation of the intermediate dihydroxychlorin generated
TPL;*° reduction of the lactone generated the oxazolochlorin,
(OH)TPO.>® Solvents were spectroscopic grade (Aldrich) and
were used as received.

Sample Preparation. For both one-photon and two-
photon spectroscopy, the porphyrinoids were dissolved in
carbon disulfide (CS,). Carbon disulfide was chosen as a
solvent environment for four reasons: (1) it has a high
refractive index (7 = 1.628), (2) it is a reasonable solvent for
the compounds investigated in terms of solubility, (3) there is
no major solvent absorption band in the visible and NIR
regions of interest, and (4) the lack of absorbing vibrational
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modes also avoids the thermal shock events that limit the
repetition rate of two-photon excitation studies and that add an
additional source of noise to the experiments. The sample
solutions were placed in a 1 X 1 cm” glass cuvette to minimize
secondary harmonic generation, which is known to reduce two-
photon induced events. The sample optical density (OD) was
adjusted to be 1—1.5 for linear measurements and 6—10 for
nonlinear measurements.

Rhodamine 6G and rhodamine B, dissolved in ethanol,
methanol, and 95:5 CS,:methanol (v/v), were used as
standards for the fluorescence quantum efliciency and two-
photon absorptivity measurements. Because rhodamine 6G and
rhodamine B are insoluble in CS,, 5% methanol was added to
solvate the compounds, and a minimal volume of hexafluor-
oisopropanol (HFIP) was added as a deaggregating agent.

Two-Photon Absorption Spectroscopy. The two-
photon excitation spectra were collected by using the tunable
pulsed-laser spectrometer shown in Figure 3. The spectroscopic

Energy
Meter 1

[]

AMP to "FPD"

Figure 3. Schematic of the two-photon spectroscopy system used to
obtain the nonlinear optical spectra reported here.”® The system can
simultaneously observe two-photon induced fluorescence and photo-
acoustic signals, but all the data reported here are based on
fluorescence excitation, which provided a better signal-to-noise ratio.
Abbreviations: AMP (amplifier), BPF (band-pass filter), BS (beam
stop), COF (cutoff filter), FPD (fast photodiode), FVA (Fresnel
variable attenuator), GR (grating), PA (photoacoustic detector), PBS
(pellicle beam splitter), PL (polarizer), PMT (photomultiplier tube),
VW (variable waveplate).

methods were identical to those used by us previously.>® The
two-photon spectrum was scanned for each molecule from 800
to 1400 nm and the two-photon character of the process was
verified by fitting the magnitude of the fluorescence signal
versus the intensity of the excitation beam. Sample results are
shown in Supporting Information Figure S2, and the details are
explored below.

We now examine the extent to which the spectra we report
here can be verified as pure two-photon in origin. Data were
collected for four molecules at various wavelengths, and we
examine here the results for an analysis of TPP at 1200 nm.
This study showed the highest multiphoton contamination, due
primarily to the fact that TPP is not one of the stronger two-
photon absorbers, and the wavelength of excitation intercepted
a relatively weak two-photon vibronic feature (see Supporting
Information Figure S4).

DOI: 10.1021/jp5117883
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We used singular value decomposition (SVD) based
regression to fit the signal versus laser intensity to equations
of the form

1
pulse

Signa1=a><Ei +bXE . +.+dXE

pulse pulse

(1)

where a, b, -+, d are parameters fit by the SVD analysis for fixed
values of the integers i, j, -+, I. The best fit equation was
assigned by minimizing the product of the RMS error and the
number of fit parameters. The best fit was found for i = 2 and j
= 3 (see Supporting Information Figure S1)

Signal = 24.864 x E(mJ)* + 0.83575 x E(m])? @)

We use energy as the independent variable in these analyses
because the energy is directly measured (Figure 3) and is
linearly proportional to the intensity because the pulse width is
constant. Equation 2 indicates that the observed signal has
increasing three-photon character as the excitation energy
increases, and reaches 5.7% at pulse energies of 1.8 mJ. We
recognized this potential source of error early on in our studies,
and limited the excitation energies used in all of our
experiments to the range 0.6 m] < E, ;. < 1.1 mJ to make
sure that the two-photon component of the signal would be
96% or greater (see Supporting Information Figure S1). A
potential outlier in this regard is porphin, which has Q, and Q,
two-photon absorptivities even smaller than those of TPP (see
below). However, a regression analysis at the two-photon
maximum indicated no higher order components of the signal
above that associated with noise.

Absolute two-photon absorptivities were measured by using
rhodamine B in methanol or methanol/CS, as an external
standard.”® The excitation measurements followed the methods
described in the literature.'> The photoacoustic measurements
used bacteriorhodopsin as an external standard.®® The results
agreed to within 12%, but the final results are reported based
on the excitation measurements due to a larger signal-to-noise
ratio. The absolute two-photon absorptivities are plotted in
Supporting Information Figure S3 and tabulated in Supporting
Information Table S1.

One-Photon Absorption Spectroscopy. All one-photon
absorption spectra were measured using a Cary 50 UV—visible
spectrophotometer. Oscillator strengths of the bands were
determined by assigning the vibronic features to the Q, or
states as shown in Supporting Information Figures S4 and SS,
and integrating the respective regions.

Fluorescence Quantum Yields. Rhodamine 6G and
rhodamine B were used as standards, in which the fluorescence
quantum yield (@) in ethanol is known to be 0.95 and 0.65,
respectively.”” The @ values of the porphyrinoid samples were
measured by using the following formula

fIF,X _ (I)F,X [ '7; ]
/ Ip st Qg g1 '752T (3)
where / Izx and f Iz g7 are the integrated fluorescence spectra,
@y and P gy are the fluorescence quantum yields, and 77y and
ngr are the refractive indices of the solvents used for
measurement, all with respect to unknown (X) and standard
(ST) samples for the measurements, respectively.
Determination of Two-Photon Properties. The two-
photon properties of the porphyrinoids investigated were
calculated by using a variety of theoretical methods for
comparison. All calculations were based on the orientationally
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averaged 1procedures originally proposed by Monson and
McClain,®" and as implemented by Masthay et al.> The
equations can be simplified if both photons have the same
energy, as is the case in the present study, in which a single laser
is used to induce the two-photon event. The two-photon
absorptivity at the two-photon absorption maximum (&) is
given by

()

5= Camegyr S Gl 2

4)

where E, is the energy of the photon, g,.,(2E;) is the maximum
value of the normalized line shape function described below,
and Sy, is given by

1

N N 0
30 ZZS""

i (%)

1So(4, DPF =

and

[ a((ilrl0)-(flrli)) ((jlrl0)-(fIxlj)) +‘
[(Ei - EA)(E,' - EA)FZJ

5] b({ilrl0)- (jlrloy) ((fIxli)-{flrlj))
) [(E — E)(E - E)I]

b((ilelo)- (f1elf)) ({flrli)-(jlrl0))
[(E; - E)(E — E) + r’]

(6)

Note that the sum over states in eq 5 includes the initial and
final states.”>%* The variables a and b in eq 6 specify the
polarization of the two photons. For two photons propagating
along the same path with identical polarization, a and b both
equal 8. Other polarization and propagation situations are given
in Table 1 of ref 62. A damping constant of I" = 2 eV was used
to prevent fortuitous resonances from “blowing up”. The
function g, (2E;) has units of seconds and is normally
approximated by using a Gaussian distribution.®> That
approach, however, is not adequate for the present inves-
tigation. The Q-bands of porphyrins and chlorins display
discrete vibronic structure with two or more separate vibronic
bands. In such cases, the line shape function must be assigned
for each final state by integrating under the normalized two-
photon spectrum in frequency space and setting g,.., equal to
the inverse of the integral

g = [ /0 ) dv]_l o

where S(v) is the normalized and dimensionless function that
represents the two-photon spectrum in frequency space. There
is some confusion in the literature regarding this function." It
is not the integral that is normalized, but rather the function, so
that & (v,,,,) = 1, where v, is the frequency of maximum two-
photon absorption.

The key difficulty in calculating the two-photon absorptivity
is the necessity to generate the many transition energies,
transition lengths, and dipole moments that appear in the
summation of states (SOS) in eq 6. We used both
semiempirical MNDO-PSDCI procedures®**>*® and a hybrid
ab initio approach using both the symmetry-adapted cluster-
configuration interaction (SAC—CI)"7° and full single
configuration interaction (CIS)”" methods. The semiempirical
MNDO-PSDCI method used calculates excited state properties

DOI: 10.1021/jp5117883
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Table 1. One-Photon and Two-Photon Properties of the
Lowest Two Excited Singlet States of Selected Porphyrins
and Chlorins®

(OH)
Property” Porphin TPP TPO  (OMe),TPC  TPL
One-Photon (obsvd)
AE (S, state, 0,0) 1.998 1.894 1.899 1.909 1919
/eV
AE (S, state, 2.182 2.083 2.068 2.073 2.088
max) /eV
£ (S, state) 0.0388  0.0378  0.0849 0.0447 0.0463
AE (S, state, 0,0) 2.500 2.237 2227 2252 2.202
/eV
AE (S, state, 2.500 2.385 2.380 2.376 2.361
max) /eV
£ (S, state) 00177 00135  0.1171 0.0847 0.1224
Fluorescence Q 0.0S 0.09 0.39 0.26 0.07
Yield
Figures 4 and 4 and 4 and 4and S5 4 and
S4 S4 SS Ss
One-Photon (calcd)
AE (S, state) /eV 19787 21075  2.1244 2.1065 2.1505
£ (S, state) 0.0020  0.0079  0.0796 0.0419 0.0078
AE (S, state) /eV  2.5583  2.8387  2.8520 29270 2.6903
£ (S, state) 0.0009 0.0017 0.0681 0.0341 0.0728
Figure 7 7 8 8 8
Two-Photon (obsvd)
AE (S, TPE 2.192 2.080 2.078 2.078 2.098
max) /eV
Zmax (Sy state) /(s 4.543 3.867 3.161 3.892 3.949
x 107%)
5 (S, TPE max) 0023 237 437 67.6 30.5
JGMP*
AE (S, TPE 2.643 2252 2237 2.237 2229
max) /eV
Go (Sy state) /(s 1378 1900 1932 2271 1.443
x 107%)
5 (S, TPE max) 0022 LIS 37.6 54.9 638
/GMb,c
Figures 4 and 4 and 4 and 4and S7 4 and
S6 S6 S7 S7
Two-Photon (caled):?
1/2[8(S,) + 0.0 0.14 83 54 23
8(S,)]/GM
hybrid
1/2[5(S,) + 0.0 0.86 25 22 18
8(S,)]/GM
mndoci

“Ambient temperature in CS, unless noted otherwise. “Two-photon
absorptivities are in Goppert-Mayers (GM) where 1 GM = 105 cm*
s. “Observed absolute two-photon absorptivities are estimated to have
an error of +15% and use rhodamine as the external standard
(Supporting Information Table S1, Figure S3). “Calculated by using
the methods described in the text.

by implementing full single and double configuration
interaction within the 7 system.’®°>%® The code is available
upon request from RRB. Al MNDO-PSDCI calculations
reported here used the standard parametrization, which assigns
the ¢ and 7 mobility constants an identical value of 1.7, the
Nishimoto-Mataga approximation for electron-repulsion inte-
grals,72 and the AMI1’® Hamiltonian.’**>®® The SOS
calculations included the lowest 60 excited singlet states. The
hybrid approach used the SAC—CI method to calculate the
dipole moments in the ground and first two excited singlet
states and the oscillator strengths into these states. The CIS
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method was used to assign the transition energies and
transition lengths between the lowest 40 excited singlet states.

Ground-state geometries were calculated by using density
functional theory (DFT) methods, the B3LYP functional, and
the 6-31G(d) basis set.”* The effect of solvent environment on
both the ground-state geometries and transition energies was
calculated by using the polarizable continuum model (PCM)
method.”>~”® We observed that the calculated two-photon
absorptivities were very sensitive to the ground-state geometry,
and that the chlorin ring system was remarkably flexible. This
resulted in greatly reduced rotational barriers for meso-phenyl
groups. We also observed that ground-state geometries based
on well-studied semiempirical Hamiltonians, such as MOPAC/
PM3 and MOPAC/PMS6, generated equilibrium geometries
that included significant distortion from planarity in the ring
system. Surprisingly, these geometries often generated two-
photon absorptivities that were in much better agreement with
the experiment than those generated by using the B3LYP/6-
31G(d) DFT methods. Thus, we explored both DFT and
semiempirical ground-state geometries.

B RESULTS AND DISCUSSION

Experimental One-Photon and Two-Photon Spectra.
The one-photon and two-photon spectra of the porphyrinoids
studied in the Q-band region are shown in Figure 4. The
vibronic features are assigned based on the oversimplified
notion that there is a single promoting mode. This approach
works reasonably well for the meso-tetraphenyl-substituted
compounds, but is not adequate for unsubstituted porphin,
which exhibits a much more complex vibronic development
(Figure 4). A comparison of the one-photon and two-photon
spectra indicates that the vibronic distributions of the linear and
nonlinear spectra are different. For example, the 1,0-vibronic
component of the lowest singlet state is the most intense
feature in all of the two-photon spectra. In contrast, the one-
photon spectra do not display a dominant vibronic mode, nor
do the Q-bands display consistent relative intensities. One of
the key goals of this paper is to provide an explanation for these
vibronic anomalies.

One-Photon and Two-Photon Vibronic Distributions.
We can calculate the vibronic distribution of a two-photon
transition by replacing the S}é’l) in eq 4 with a Taylor’s series
with respect to the normal coordinate, Q,.”° The resulting
expansion provides the two-photon absorptivity in terms of the
individual vibrational modes, v;, within the final excited state
manifold

oS
Sko = Sio(Q 0"y + Y r{"(ﬂqum) . o

The first term on the right-hand side of eq 8 assumes that the
transition occurs from the zero vibrational level in the ground
state and represents the first term of the Taylor expansion,
where S;U(Qeq) is the pure electronic contribution evaluated at
the ground-state equilibrium geometry (Q.,) and is the
Franck—Condon overlap integral between the vibrational
mode in the final excited state and the zero point level in the
ground state (0”). The second term on the right-hand side
represents the contribution from second order effects, in which
vibrational modes mediate the electronic transition probability,
and will be ignored in our simulations. Substituting for S%’I) in
eq 4 and including the energy term, the vibronic distribution in
the final state takes the form

DOI: 10.1021/jp5117883
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where the symmetry function, P[...], returns unity when the
product of the electronic and vibrational symmetries are two-
photon allowed (and zero otherwise), and Ef, is the energy of
the transition from the ground state to the kth mode in the final
state. The Franck—Condon overlap integral, (v0”), is
calculated by generating the vibrational modes in the ground
state and in the final excited state and matching up the modes.
Thus, each mode, k, has a potentially different frequency in the
ground and excited state, and will likely be associated with a
different effective reduced mass. Provided the polyatomic
molecule has high symmetry so that the vibrational modes are
divided up into symmetry groups, matching the modes is a
straightforward process. The principal variable in assigning the
Franck—Condon distribution for a given mode is the
displacement upon excitation, or simply A,. We used Gaussian
09 and the method proposed by Niedzwiedzki et al.* to
calculate this dimensionless displacement for the kth mode

1 1
W)@ ()P
(10)

where o, is the frequency and y; is the reduced mass of the kth
mode in the ground state, and ¢; and y; are the corresponding
values for the kth mode in the excited state. The prefactor
assumes that the frequencies are in wavenumbers (cm™') and
the reduced masses are in amu. The key advantage of eq 10 is
the partial compensation for the Duschinsky effect, which is
reflected in a change in the reduced mass of the mode upon
excitation.

What remains is to calculate the Franck—Condon vibrational
overlap integrals. The calculation is facilitated by using the very
efficient, closed form expansions proposed by Chang for
displaced and distorted harmonic oscillators.® We carried out
the calculations for porphin and the corresponding chlorin
(2,3-dihydroporphin) molecule for which the vibrational mode
assignments are unambiguous. The Franck—Condon active
vibrational modes are listed in Supporting Information Tables
S2 and S3, and the resulting vibronic distributions are shown in
Figure S. Note, however, that some of these modes are active in
the one-photon spectra, whereas others are active only in the
two-photon spectra, as determined by evaluation of the
function P[...] in eq 9.

Despite the significant approximations inherent in the results
shown in Figure S, these simulations provide an excellent
perspective on why the one-photon and two-photon vibronic
distributions are different. First, the system origin is relatively
weak in the two-photon spectra because all of the electronic
states studied here are two-photon forbidden. Two-photon
bands appearing in the region of the system origin are due to
low-frequency modes, or hot bands, which were not included in
these simulations. Second, the most intense band in the two-
photon spectra is the second vibronic band, which is made up
of a significant number of vibronic bands that are unique to the
two-photon vibrational manifold. In contrast, the one-photon
spectra involve many fewer contributing promoting modes.

Two-Photon Absorptivities. Molecules absorb two
photons via two possible mechanisms, as schematically shown
in Figure 6 based on semiclassical single intermediate state two-
photon theory.'® Two-photon absorption events can be viewed
as a two-step process, even though these two events typically
happen within less than 1 fs. The first photon interacts with the

AQ/* = A, =9576
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16,58

The Type I process

(left) is important for excited states which are one-photon forbidden. A strongly allowed one-photon state can also be a two-photon allowed state via
a Type II process (right) if it undergoes a change in dipole moment upon excitation (Ayu). The equations shown are based on a single intermediate

state approximation and assume further that both photons have parallel polarization and propagation, and equal energy. The

o; variables are one-

photon cross sections and are in units of length squared. The t; and t;; equations calculate the expectation value of the lifetime of the virtual state, .
These equations are for vacuum conditions, where & is the vacaum permittivity.

molecule and prepares what is known as a virtual state (i). The
virtual state is not a stationary state of the molecule, but is
created momentarily during the forward scattering of the first
photon.

In the Type I process, the stationary state is mediated by a
nearby strongly allowed state, which exhibits large one-photon
cross sections between the final state (6},) and the ground state
(610)- If we assume the allowed state is separated from the
virtual state by 1.5 eV, then the lifetime of the virtual state, t;, is
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~0.22 fs. If we assume a strong one-photon cross section of oy,
= 6y, = 107" cm? then the Type I process has a two-photon
absorptivity of 26 X 107°° cm* s (26 GM).

Calculation of the corresponding lifetime for a Type II
process is more complicated, as this process depends on the
photophysical properties of both the initial and final states. If
the transition is strongly allowed and the dipole moment
changes upon excitation, a Type II process can lead to very
large two-photon absorptivities. Let us assume the transition
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Figure 7. SAC—CI analyses of the ground and low-lying excited singlet states (in vacuum and CS,) of the porphyrins indicated. All calculations were
carried out using an active space of 64 filled and 64 virtual orbitals. Solvent effects were approximated by using PCM methods. The charge
distribution in the ground state is visualized by using blue to indicate regions of excess negative charge and red to indicate regions of excess positive
charge. The shift in charge upon excitation is shown using contour lines, with red lines indicating excess positive charge and blue lines indicating
excess negative charge. The arrows show the direction of the dipole moments.

occurs at AEy, = 3 eV, has a strong one-photon cross-section of
107! cm?, and exhibits a large change in dipole moment (Ayu =
10 D). The resulting virtual state lifetime is calculated to be
0.27 fs. Assuming 6,y = 107'® cm? (see above), the Type II
process has a two-photon absorptivity of 6y = 33 GM, slightly
larger than the Type I process (6; = 26 GM). Thus, there are
two key molecular properties that make a Type II process
important: a large change in dipole moment upon excitation
and a final state that is strongly one-photon allowed. We note
that the change in dipole moment, Ay, is not the difference of
the magnitude of the ground (0) and excited (b) state dipole
moments, but represents the vectorial change as given below:

A,

©)

= [ = P + ) = w P+ W = w71

(11)
The low-lying Q-bands of the porphyrins or chlorins studied
here do not correspond to strongly one-photon allowed
transitions and no large changes in dipole moment upon
excitation occur. The largest change in dipole moment
calculated for any of the Q-bands studied here is less than 1
Debye. We can thus conclude that Type I processes will
dominate for the molecules studied here. This prediction is
confirmed by the detailed calculations reported below.
The properties of the low-lying excited singlet states under
different solvent conditions based on SAC—CI molecular
orbital theory are presented in Figures 7 and 8. The ground-
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state equilibrium geometry was assumed for all calculations, and
hence the results are appropriate for Franck—Condon vertical
excitations. The calculated two-photon absorptivities that are
presented in Table 1 are based on the B3LYP/6-31G(d)
equilibrium geometries and, in the case of the hybrid ab initio
calculations, PCM-based solvent effects.

Calculations based on the equilibrium geometries predict
that the second excited Q-band is the more two-photon
allowed. In contrast, the experimental results indicate that the
two Q-bands have comparable two-photon absorptivity with
the exception of TPL, which has a second excited Q,
absorptivity four times larger than that of the lower Q, band.
We observed that the calculated two-photon absorptivities are
extremely sensitive to conformation, and that while the relative
two-photon absorptivities vary dramatically with conformation,
the average of the Q, and Q, two-photon absorptivities are not
overly sensitive to conformation. Hence, we reported the
calculated averages in Table 1, and explore the fundamental
issue in more detail below.

The first molecular variable we explored was the extent to
which the phenyl groups influence the two-photon absorptiv-
ities. Porphin is the only molecule we studied without phenyl
groups, and it is predicted to have no two-photon absorptivity
in the ground resting state. However, if we populate individual
vibrations in the ground state, we do calculate observable
absorptivities (shown in Supporting Information Table S2 for
porphin and Table S3 for chlorin). Hot bands impact the two-
photon absorptivity via two mechanisms. The most important
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Figure 8. SAC—CI analyses of the ground and low-lying excited singlet states of the substituted chlorin-like porphyrinoids studied in this paper.
Calculation details, contour plots, charge shifts upon excitation, and dipole moments are as described in Figure 7.

effect is the changing of the symmetry of the initial vibronic
state, which is crucial, since in the absence of symmetry
lowering, two-photon transitions into both Q, and Q, are
symmetry forbidden. The second effect is to induce mixing of
the singlet states by out-of-plane ring distortions. As the ring
system forms a saddle-like conformation, the low-lying singlet
states are mixed, and the Type I two-photon process is
enhanced by increasing the magnitude of the transition lengths
between the states. This process will be explored in more detail
below as we examine why (OMe),TPC has an anomalously
high two-photon absorptivity.

Introduction of the phenyl groups to porphyrin has a number
of effects. Partial rotation of the phenyl groups allows cross-talk
between the phenyl- and the porphyrin-z systems, inducing
mixing via conjugative interactions. In addition, the smaller the
dihedral angle between the two planar systems, the larger the
sterically induced ring out-of-plane distortions. The phenyl
groups are observed to have a more important impact on the
chlorins because the ring systems of the chlorins are more
flexible,®> 3¢ allowing for a much reduced rotational barrier for
phenyl group rotation at ambient temperature, thus allowing
for a larger phenyl—chlorin interaction. The geometry of TPP
in vacuum is C, but in solvent, the dispersive environment
encourages the formation of a small dipole moment, which
provides dipole-induced electrostatic stabilization.

The average experimental two-photon absorptivities of the
two Q-bands increase in the following order: porphin < TPP <
TPL < (OH)TPO < (OMe),TPC. In contrast, the calculated
ordering is porphin < TPP < TPL < (OMe),TPC <
(OH)TPO. The semiempirical and the ab initio (hybrid)
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theoretical methods agree with each other on the ordering, and
(OMe),TPC is the outlier when the results are compared with
experiment. This compound is observed to have roughly twice
the two-photon absorptivity as predicted (Table 1). The origin
of this difference should provide fundamental insight into the
mechanism of two-photon absorption in these molecules.

In the course of studying (OMe),TPC, we observed
significant differences in the results based on how we calculated
the ground-state geometry. Two different scenarios and their
impact on the calculated two-photon properties are explored in
Figure 9 and Table 2. When DFT methods [B3LYP/6-31G(d)]
are used, (OMe),TPC is calculated to have a nearly planar ring
structure (Figure 9A1 and A2) and the Q, (S,) state is
calculated to have a majority of the two-photon absorptivity
(Figure 9A, Table 2). In contrast, when semiempirical methods
are used (MNDO/PM3), the geometry optimization yields a
saddled geometry as shown in Figure 9B1 and B2. Supporting
Information Table S4 presents a normal-coordinate structure
decomposition (NSD) of the (OMe),TPC structures depicted
in Figure 9. The NSD procedure provides a numerical and
qualitative description of the distortion of porphyrinoids in
terms of displacement from a D,, symmetric reference
structure.*>*® While the DFT structure of (OMe),TPC
demonstrates modest saddling (B,, mode) and ruffling (B,
mode) distortions, the semiempirical structure exhibits a
significant saddling (B,, mode) distortion that is necessary to
replicate the observed two-photon absorptivity. This ring
distortion mixes the states and inverts the absorptivities such
that the first excited singlet state has the highest two-photon
absorptivity (Figure 9B, Table 2). This was the only molecule
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Figure 9. Analysis of intermediate state contributions to the calculated two-photon absorptivity of the Q, band of (OMe),TPC based on MNDO-
PSDCI theory and 60 intermediate states. The height of each element is proportional to the log of the contribution of the matrix element to the two-
photon absorptivity. The matrix shown in A is for the equilibrium geometry (A1, A2) as determined by DFT [B3LYP/6-31G(d)] for the molecule in
CS, (PCM methods). The matrix shown in B is for a saddled ring conformation (B1, B2) generated by using MNDO/PM3 semiempirical methods.

for which PM3 geometries produced better agreement with
experiment. The result does provide a perspective on the origin
of the large two-photon absorptivity of (OMe),TPC compared
to the other systems studied: an on-average saddled ground-
state conformation causes the and Q, states to mix with
higher excited states and thus lead to an enhanced two-photon
absorptivity of both. This is visually expressed in Figure 9
(comparison of matrices A and B) by enhancement of the off-
diagonal transition lengths creating additional contributions to
the sum over states. In fact, the known solid state structures of
porphin, TPP, TPL, (OMe),TPC, and (OH)TPO also
indicate that all are approximately planar but that (OMe),TPC
shows the largest distortions from ideality, in part due to the
system trying to avoid an eclipsed conformation of the two
methoxy groups on the pyrroline.

B CONCLUSIONS

The simple planar porphyrins investigated here, including
porphin and TPP, possess low-intensity Type I two-photon
absorption processes in the Q-band region (0.02 and 2.37,
respectively). The meso-phenyl groups do not contribute in a
significant way to macrocycle distortion for TPP, which
minimizes the enhancement of two-photon absorptivity.
Porpholactone, TPL, also shows an anomalously small,
porphyrin-like two-photon absorptivity maximum of 6.8 GM
in the first excited (Q},) singlet state. Both theory and
experiment support a model of TPL with a nearly planar
ground-state geometry. The vibronic development in the two-
photon spectra of the chlorins (OH)TPO and (OMe),TPC is
also significantly different from that observed in the one-photon
spectra, with the Qy(l’o) band exhibiting anomalous two-photon
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intensity. Franck—Condon analyses indicated that both vibra-
tional symmetry, which makes the system origin band weak,
and Duschinsky-mediated mode displacements combine to
enhance the higher (1,0) mode. Moreover, it was found that
Type 1I processes contribute to the two-photon cross section of
(OH)TPO and TPL, but for no compound or geometry did we
calculate a Type II contribution greater than 8% to the total
absorptivity. Even though the single-photon absorption spectra
of the chlorins (OH)TPO and (OMe),TPC are very similar,
their two-photon absorptivities differ greatly. Chlorin
(OMe),TPC exhibits an anomalously large two-photon
absorptivity maxima of 67.6 GM (Q,) and 549 GM (Q,),
whereas the corresponding values for (OH)TPO are 43.7 and
37.6. We attributed the high absorptivity of (OMe),TPC to
state mixing associated with a saddle ring conformation.
Calculations on the static structures of the chlorin invariably
predict that one of the Q-bands has much higher two-photon
absorptivity than the other, but the experimental observation
indicates that both bands have similar two-photon absorptiv-
ities. Calculations of the two-photon spectra indicated that the
relative Q-band absorptivities are sensitive to the phase and
magnitude of the chlorin ring distortions. The observation of
comparable two-photon absorptivities indicated that the
nonplanar conformations of (OMe),TPC are in dynamic
fluctuation in response to rapid torsional rotation of the phenyl
groups. The high two-photon absorptivity in the 1000—1400
nm region is particularly advantageous for the potential utility
of (OMe),TPC in two-photon induced biomedical applications
as the regime under ~1100 nm falls within the optical window
of biological tissue®” and allows the use of solid-state Nd:YAG
lasers (emission at 1064 nm). This work also points at saddled
chlorin macrocycle conformations that should be incorporated
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Table 2. Calculated Two-Photon Absorptivities for Selected Systems®"
geometry (method) state AE (eV) (Ay* (B)“ (c)? (D)* (C)4/(A)®
Porphin
S equilibrium Q. (S) 2.5457 0.0 0.0 0.0 0.0 0.0
S, equilibrium Q (5, 2.6821 0.0 0.0 0.0 0.0 0.0
60 cm™! (b3u) mode Q. (5, 2.5316 0.1498 0.1124 0.2248 0.0375 LS
60 cm™! (b3u) mode Q (8, 2.6680 0.0348 0.0261 00521 0.0087 15
76 cm™" (au) mode Q (S) 2.5200 0.1637 0.1228 0.2455 0.0419 1.5
76 cm™! (au) mode Q (8, 2.6583 0.0349 0.0261 0.0523 0.0087 15
100 cm™" (b3u) mode Q () 2.5355 0.0019 0.0015 0.0029 0.0005 1.5
100 cm™! (b3u) mode Q (8, 2.6663 0.0034 0.0026 0.0052 0.0009 15
Chlorin
S, equilibrium Q (S) 24866 1.6164 1.2123 24246 04041 1.5
S, equilibrium Q, (S,) 3.1632 97.821 19.907 39.814 77914 0.4070
37 cm™ (a2) mode Q (S) 2.6518 3.4259 2.5694 5.1389 0.8565 1.5
37 ™! (a2) mode Q, (S,) 34797 155.55 27.15 54.29 123.40 03490
$6 cm™ (b1) mode Q (8) 2.6473 3.5149 2.6362 52723 0.8787 L5
56 cm™! (b1) mode Q. (5,) 3.4750 156.26 27.59 $5.17 128.68 03531
92 cm™! (a2) mode Q (8) 2.6397 33770 25328 5.0655 0.8443 L5
92 em™ (a2) mode Q, (Sy) 3.4689 156.25 27.49 54.98 128.76 0.3519
Rhodamine B
S, methanol (mndoci) S, 1.6255 168.07 56.59 113.18 111.48 0.6730
S, methanol (hybrid) s, 1.8208 34.360 27753 51.504 8.6067 1.4990
(OMe),TPC
S, (PM3) (mndoci) Q(S) 23525 105.90 36.40 72.81 69.49 0.6875
S, (PM3) (mndoci) Q, (S,) 2.5083 69.972 22.83 45.56 92.80 0.6526
S, CS, (hybrid) Q(S) 24271 15391 1149 22.97 3.905 14925
S, CS, (hybrid) Q. (S,) 2.9810 106.97 26.13 5226 80.84 0.4886

“All two-photon absorptivities in Goppert-Mayers (10°° cm* s). Vibrational hot band geometries were generated by using GaussView 5 based on a
B3LYP/6-31G(d) force field calculation and a disglacement level of unity. These geometries overestimate the displacement, and thus the enhanced
two-photon absorptivity is overestimated as well. “Two-photon absorptivity calculated for both photons linearly polarized with parallel polarization.
“Two-photon absorptivity calculated for both photons linearly polarized with perpendicular polarization. “Two-photon absorptivity calculated for
both photons circularly polarized in the same sense with parallel propagation. “Two-photon absorptivity calculated for both photons circularly

polarized in the opposite sense with parallel propagation.

into two-photon dyes designed for high absorptivity. We
believe that the results of this study will prompt subsequent
investigations that lead to optimized photosensitizers for
clinical evaluations as NIR PDT photosensitizers.

B ASSOCIATED CONTENT

© Supporting Information

Two-photon absorptivities of the rhodamine B standard (Table
S1), vibronic analyses of porphin and chlorin (Tables S2 and
S3), normal-coordinate structure decomposition of
(OMe),TPC (Table S4), regression analysis of the multi-
photon excitation of TPP (Figure S1), fluorescence intensity vs
incident excitation energy plot (Figure S2), two-photon
excitation spectra of the rhodamine B standard (Figure S3),
decomposition of the oscillator strengths of the Q, and Q,
bands (Figures S4 and SS), and analyses of the maximum in the
line shape functions, g.., (Figures S6 and S7) for the
porphyrinoids studied. This material is available free of charge
via the Internet at http://pubs.acs.org.
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