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This customer written application note describes how to
measure the two-photon absorption spectra of fluorescent
chromophores by using an extemnal short-pulsed laser
source in an Edinburgh Instruments FS5 Spectrofluorometer.
A procedure on how to calculate the nonlinear refraction
dispersion from the measured spectra is also given.

1. Introduction

Organic chromophores have long been sought out due to the
ability to tailor not only their linear but nonlinear optical
properties [1]. This is especially important in the case of third-
order nonlinearities in which the response of the material is
irradiance-dependent and, thus, effectively instantaneous. In
terms of a material’s absorption (a), the irradiance-dependent
coefficient can be written as:

all) =ay+ ayl + - (1)

where a is the linear absorption coefficient in units of m~*, /is
the irradiance in units of W/m?, and a, is the two-photon
absorption (2PA) coefficient in units of m/W. This 2PA
coefficient describes the simultaneous absorption of two
photons from the ground state to a higher-lying excited state.
There have been many efforts to identify structure-property
relationships for the rational design of chromophores that
exhibit large 2PA coefficients [2]. As such, a chromophore
possessing large 2PA can have utility in a wide range of
applications such as optical data storage [3] and
microfabrication [4].

In this note, we will utilize a technique called two-photon
induced fluorescence (2PF) spectroscopy to describe how to
measure the 2PA spectrum of an organic molecule in solution.
This method, first introduced by Xu and Webb [5], provides a
rapid means of measuring a molecule’s 2PA spectrum as
opposed to other more conventional means such as the Z-scan
technique [6].

2. Experimental setup

To perform 2PF measurements, a high-intensity pump beam
excites a sample via 2PA and then the material radiatively
relaxes back down to the ground state [5]. Thus, for 2PF to be
an efficient means to extract the 2PA coefficient, the sample
should be highly fluorescent. This means the fluorescence
quantum yield (QY) should be > 1%. The magnitude of the 2PF
signal for each wavelength measured allows for the
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construction of the 2PA spectrum of a given material. Both QY
and 2PF measurements are performed in 1 cm path length
matched quartz cuvettes.

For the 2PF measurements conducted in this note, the external
laser pulses are derived from an amplified Ti:sapphire system
(Spectra-Physics, Solstice) producing 3.5 mJ, 100 fs (full-width at
half-maximum, FWHM) pulses at a 1 kHz repetition rate at a
wavelength (1) of 800 nm. The laser pulses are directed into the
spectrofluorometer (Edinburgh Instruments, FS5) via a modified
SC-05 cassette as shown in Fig. 1. The cassette has an opening
drilled in the front to allow laser light entry as well as a custom
fitted optical breadboard (1/4"-20 taps on 1" centers) in which
mirrors direct the laser light into the sample cuvette. The last
mirror (top right in Fig. 1) is an off-axis parabolic mirror to focus
the laser light into the sample. The 2PF emission is collected in
the same manner as with the standard steady-state acquisition
excited with a Xenon lamp. To control the fluorescence
intensity reaching the PMT, the emission bandwidth is adjusted
and attenuation is placed in the laser light beam path prior to
entering the SC-05. The attenuation consists of neutral density
(ND) filters and/or a half-wave plate/polarizer combination. To
generate other excitation wavelengths to complete the 2PA
spectrum, approximately 1.8 mJ from the laser output is used
to pump an optical parametric amplifier, OPA (Light
Conversion, Ltd., TOPAS PRIME). The wavelengths of interest
are generated via frequency mixing from the output of the
OPA.
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Figure 1. Modified SC-05 cassette allowing for an extemal laser source to excite
a solution via two-photon absorption (2PA).
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3. Methodology

3.1 QY determination

In order to determine 2PA coefficients via 2PF measurements,
first the QY of the chromophore via one-photon fluorescence
(1PF) spectroscopy must be known with high accuracy. The FS5
allows determination of this value either via absolute QY
measurements using the SC-30 Integrating Sphere or via
comparative actinometry with the SC-05 Standard Cuvette
Holder. For information on how to obtain absolute QY values,
refer to the SC-30 Integrating Sphere Manual and Edinburgh
Instruments Technical Note TN_P21 [7].

To measure QY via comparative actinometry, we use a
reference standard with a known QY to determine the QY of
the unknown. In order to do this, we use the following relation:

2
b= o (mge)” (P Py (2)
= Wref £3 2 A
exc exc F P%exc
f (n?),ref) < ref)

where ¢ isthe QY of the unknown sample, f = 1 — 1079 with
OD being the optical density at the excitation wavelength
(Aexc), Mg is the linear refractive index of the solvent, (F) is the
integrated fluorescence intensity, and P is the lamp power. The
subscript “ref” refers to the reference standard. The refractive
index of many solvents can be readily found in references such
as [8]. It's important to note that the ratio of the lamp power is
a correction factor used when the reference and unknown
sample cannot be excited at the same wavelength. The FS5
allows this ratio to be easily determined, if needed, by
observing the excitation in the signal counts dialog window. As
is the case for all QY measurements, the peak OD of both the
reference solution and unknown solution should be kept below
0.1 to minimize re-absorption of the fluorescence signal. Ideally,
the absorption spectrum of the chosen reference standard
should have overlap with that of the unknown sample in order
to excite at the same wavelength. But if not, as mentioned prior,
a correction factor can account for this discrepancy. For a list of
common reference standards and their QY values, see Ref. [9]
and references therein.

3.2 2PF Measurements

Once the QY of the sample is measured, the 2PA can be
determined. In order to do so, the 2PA spectrum of a well-
studied molecule is used to determine the 2PA spectrum of the
unknown by using the following relation:
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n(z) ¢1‘ef (FZ) CrefEfl,ref
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(3)

where § is the 2PA cross section, (F,) is the integrated 2PF
intensity, C is the concentration, and E,, is the energy of the
laser pulses incident on the sample. The 2PA coefficient is
related to the 2PA cross section by:

hoa
5=10%%—2 4
N (4)

where h is the reduced Planck’s constant, w is the optical
frequency defined as 2mc /A where c is the speed of light, and
N is the number density of molecules. Note that all physical
quantities in Egn. (4) are in mks units. The multiplicative factor in
Egn. (@) expresses & in units of Gppert-Mayer, GM (=
1075% cm*s/photon) [10]. Egn. (3) is utilized at each of the
measured wavelengths to construct the 2PA spectrum.

Rhodamine B (CAS: 81-88-9) dissolved in spectroscopic grade
MeOH can be used as a standard for both QY [11] and 2PF
measurements [12, 13]. Since the 2PF intensity is directly related
to the incident imadiance and the concentration, it is imperative
that the concentration used for 2PF measurements be much
higher than that used for QY determination to maximize the
generated signal. For instance, in this note, the concentration of
Rhodamine B used for QY measurements is 0.79 uM whereas
for 2PF measurements the concentration is 5.1 mM.

Thus, for 2PF measurements, the maximum soluble
concentration achievable (without aggregation) should be
used. As mentioned in Section 2, attenuation of the external
laser source is also used to control the 2PF intensity. The
dynamic range of the visible PMTs in the FS5 allows for
adequate signal-to-noise ratios while maintaining the same
excitation energy used for 2PF generation in both the reference
and unknown sample, in most cases. If the attenuation needs
to be adjusted for adequate 2PF generation, an energy sensor
should be placed prior to the sample to record the energy ratio
of the different excitation intensities.

Figure 2a shows the normalized absorption and fluorescence
spectra of a dilute solution (0.79 uM) of Rhodamine B in MeOH.
There is significant overlap between the absorption and
fluorescence spectra demonstrating the need for dilute sample
concentrations for QY determination as stated previously.
Fig.2b shows the difference between the fluorescence
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Figure 2. (@) Nommalized absorption (Abs) and 1PF spectra of a dilute
concentration of Rhodamine B dissolved in MeOH. (b) Comparison of 1PF signal
from dilute solution to 2PF signal of concentrated solution. (c) Raw 2PF signal of
concentrated solution excited with 800 nm pulses with scaled 2PF signal matching
the peak intensity counts of the raw 2PF signal. (d) Scaled 1PF signal to the tail of
the scaled 2PF signal. The area under the curve of the scaled 1PF signal is (F cf)
in Egn. 3).

spectra measured with the dilute concentration in Fig. 2a and
the concentrated soluton (5.1 mM) used for 2PF
measurements. Note that the shape of the fluorescence is
highly distorted compared to the 1PF spectrum as well as the
dramatic Stokes shift of the peak. This is due to significant
reabsorption of the fluorescence signal as a result of the high
concentration. The fluorescence curves in Figs. 2a and 2b are
obtained via emission scans using the standard FS5 Xe lamp as
the excitation source.

Figure 2c shows the raw 2PF signal obtained using external
laser pulses from the fs laser source. The 2PF signal is highly
susceptible to intensity fluctuations of the extemal laser source
and the instability results in the noise seen in Fig. 2c. Therefore,
it's important to average multiple scans in order to reduce the
noise. From Ref. [12], the 2PA cross-section of Rhodamine B at
800 nm is 120 GM. For the given concentration of 5.1 mM, this
corresponds  to @, = 1.5x 1073 m/W. For the given
experimental conditions, the peak irradiance, I, (~ En/(w§t)
where w; is the minimum spot size at focus and 7 is the pulse
width of the laser source), required to observe an adequate 2PF
signal (in Fig. 20) is ~10 GW/cm? Note, however, that the
iradiance needed to observe a 2PF signal will vary drastically
depending on the concentration and 2PA characteristics of the
molecule.
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Figure 3. Molar absorbance, €, spectrum (dashed black line) and 2PA cross
sections (solid black squares) of an organic choromophore dissolved in
tetrahydrofuran (THF).

Once an adequate 2PF signal is obtained, the distorted
fluorescence spectrum of the concentrated solution (see
Fig. 2b) is scaled to match the peak of the raw 2PF signal (see
Fig. 2c). Note that the 2 curves are identical in shape and should
match point-by-point within the noise of the signal. The
normalized 1PF curve is then scaled to the tail of the scaled 2PF
curve (Fig. 2d) which represents the “true” 2PF intensity due to
2PA. Integrating over this scaled 1PF curve yields (F;,¢f) in

Egn. (3).

The methodology presented in Fig. 2 and described in the text
is the same for all wavelengths of measure for both the
reference and unknown sample. Figure 3 shows an example of
the molar absorbance spectrum and the 2PA spectrum of an
organic chromophore obtained via 2PF measurements. This
molecule has been the subject of previous studies [13-15]. As
stated previously, the 2PF signal of both Rhodamine B in
MeOH as the standard and AF455 in THF as the unknown were
taken at all wavelengths of measure as shown in Fig. 3 to obtain
the full 2PA spectrum using Eqgn. (3).

4. Calculating the nonlinear refraction
(NLR) dispersion from the measured
2PA spectrum

Another phenomenon arising from the third-order response of
materials is the irradiance-dependent refractive index (n). To
third-order, the refractive index is expressed as:

n(l) =ny + n,l (5)
where n, is the third-order nonlinear refraction (NLR) coefficient.

The n, is a quantifiable parameter that determines the amount
of phase change in materials in the presence of high-irradiance
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radiation. As is the case for materials with large 2PA, there have
been many studies aimed at identifying materials systems with
large n, values [16, 17] since they have utility in a variety of
applications such as all-optical switching [18].

The standard method to describe the NLR dispersion of organic
molecules is the sum-over-states (SOS) model. This model takes
into account the ground state and all possible excited states
and their corresponding transition dipole moments [19]. Since
the inclusion of all states would be computationally difficult to
handle, a simplification was introduced which only contains the
3 most important transitions for molecules that possess
centrosymmetry [20]. These transitions include those from the
ground state (g) to the first excited state (e, linear absorption)
and those from the first excited state to a higher-lying excited
state (e, 2PA). Parity rules dictate that direct transitions from the
ground state to the 2PA state are forbidden. Thus, this is
referred to as a 3-level SOS model. The inclusion of multiple
2PA states is referred to as the quasi 3-level model.

Following the procedure in Ref. [21], a simplified expression for
the second hyperpolarizability, y, deduced from the 3-level
SOS model that includes only the dominant transitions can be
written as:

Y(w) =
1 Z ( Mo Mee
3h? e (‘T’eg - “’)Z(E’e’g - 2w)
. MEeMee! ) (6)
(®zg — ©)(Berg — 200) (Berg — 200)

4
u'ge

i <(aeg ) (@i w) (ae:g—e wf)

where the transition dipole moments, i1, and p,,, are defined
as (glule) and (elule’), respectively, and describe the
transition between states g and e and e and possible multiple
2PA states e'. The complex frequency @y, = Wnm — iLum
defines the resonant transition frequency between states n and
m (with n and m representing states g, e, or €), I}, is the
damping factor related to the linewidth of the transition, and
"*" is the complex conjugate. Note that this expression
assumes polarizability along one molecular coordinate axis. The
first 2 terms are called the “Two-photon terms” (T-terms),
corresponding to the transition between the states g and e’ with
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the summation allowing for the inclusion of multiple 2PA states.
The last 2 terms, which always show a negative contribution, are
called the “Negative terms” (N-terms), corresponding to the
transition between the states g and e. The overall nonlinearity is
due to the interaction of these terms, and is determined by the
magnitude of the transition dipole moments and the relative
energies of the relevant states. In relating these terms to the
measured third-order quantities, the Re(y) « n, and Im(y) «
a,.

The molar absorbance spectrum allows for the determination
of the ground state parameters: fi 4, W,g, and T4 To calculate
the ground state dipole moment, 14, the following relation is
utilized [22, 23]:

fge = 3.563 - 10733 Us(v)dv/Ege [Fo1™2 ()

where €(v) is the molar absorbance spectrum as a function of
wavenumbers v (cm™), Eg, = hw,, represents the energy of
the peak absorptionineV,and f M = (n2 + 2)/3. The ground
state linewidth, T4, is determined by fitting the main linear
absorption peak with a single Lorentzian. The half-width at half-
maximum of the fit is the linewidth used in Eqn. (6).

To obtain the excited state dipole moment(s) and associated
parameters, Uee/, We,g, and T, 4, the 2PA spectrum (in GM)
obtained from 2PF measurements is fit using Egn. (6) by the
following relation:

3 X 10°8 haw? f®

SIm(yr) (8

6(w) =
(@) 10  £ic?n?

where f®) = (n3 + 2)*/81 and ¢, is the vacuum permittivity.

Table 1. Fit parameters for the 2PA spectrum in Fig. 4a using Egn. (8) where the

transiton  dipole  moments are given in Debye (O) (1D =3.33-
1073%Coulomb-m).
Hge 109D
Wge 3.0eV/h
Tye 0.26 eV/h
1
Ko 14D
Wi 2.95eV/h
2
ue 11D
w) 3.33eV/h
1 2
rly) =12 0.13eV/h
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Figure 4. (a) 3-level SOS fit of the 2PA spectrum of AF455 by using Egn. (8) and

the parameters listed in Table 1. (o) Nonlinear refraction spectrum of AF455
calculated from Egn. (9). The dashed gray line in (o) refers to &, = 0.

The subscript “T" means that only the imaginary component of
the T-terms, i.e. the first 2 terms in the summation, are included
when fitting the 2PA spectrum and the imaginary component
of the N-terms, i.e. the last 2 negative terms, are excluded. For
a detailed explanation of why the N-terms are excluded when
describing 2PA, see Section 4 and Appendix A in Ref. [21].

Figure 4a shows the fit of the 2PA spectrum measured via 2PF
measurements using the fit parameters listed in Table 1. As
stated previously, the ground state parameters (i, w4, and
I4) are determined from the molar absorbance spectrum while
the excited state parameters (Ue,, Weq, and Tg4) are
determined from the best fit of the 2PA spectrum. The
superscripts (1) and (2) in Table 1 indicate that the spectrum was
fit with multiple 2PA states via the summation in Eqn. ().

The positions of the 2PA states are determined to be
(1) =295 eV/h and w @) — 333 eV/h corresponding to

Wger
~84O nm and ~745 nm, respectively. The linewidths of the 2PA
states are assumed to be the same, i.e. FE(,I; = l"e(,2 ;
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After extracting all the parameters via fitting the 2PA spectrum,
the following relation can be used to calculate the NLR
dispersion:

3 x 1058 A2 f®
9
20 £2cn’ Re(y) @

6, (w) =

where we include all terms in Egn. (6) and have introduced the
NLR cross section &,(= 10°%hw?n,/(cN)) [24]. Fig. 4b shows
the calculated NLR dispersion of AF455. For context, using the
concentration for the 2PF measurements (1.4 mM), the max
positive  8,(~125GM) at 875 nm corresponds to
ny, = 0.65 X 1071% cm?/W whereas the max negative
6,(~—300GM) at 725 nm  corresponds  to
n, = —1.1x1071® cm?/W. These values are more than a
factor of 2 smaller than that of fused silica in this wavelength
regime [25].

5. Final notes

The analysis presented in Section 4 was derived specifically for
molecules that can be approximated as centrosymmetric in Ref.
[21]. But this procedure has shown to be robust even for non-
centrosymmetric molecules such as Rhodamine B and
Rhodamine 6G by incorporating additional terms [26]. While
the NLR can be calculated by the reduced form of the 3-level
SOS model presented in Eqgn. (6) with good accuracy from the
2PA spectrum, it is recommended to use the more complete
form presented in Egns. (13) and (14) in Ref. [21].

References

1. D.F. Eaton, "Nonlinear Optical Materials," Science 253, 281-287
(1991).

2. M. Albota, D. Beljonne, J. L Bredas, J. E. Ehrlich, J. Y. Fu, A. A.
Heikal, S. E. Hess, T. Kogej, M. D. Levin, S. R. Marder, D. McCord-
Maughon, J. W. Perry, H. Rockel, M. Rumi, C. Subramaniam, W.
W. Weblb, X. L. Wu, and C. Xu, "Design of organic molecules with
large two-photon absorption cross sections," Science 281, 1653-
1656 (19998).

3. S.Kawata, and Y. Kawata, "Three-dimensional optical data
storage using photochromic materials,” Chemical Reviews 100,
1777-1788 (2000).

4. B.H.Cumpston, S. P. Ananthavel, S. Barlow, D. L. Dyer, J. E.
Ehrlich, L. L. Erskine, A. A. Heikal, S. M. Kuebler, . Y. S. Lee, D.
McCord-Maughon, J. Q. Qin, H. Rockel, M. Rumi, X. L. Wu, S. R.
Marder, and J. W. Perry, "Two-photon polymerization initiators for



CUSTOMER APPLICATION NOTE

Measuring the Two-Photon Absorption Spectra of

Organic Solutions Via Two-Photon Induced

Fluorescence Spectroscopy

Trenton R. Ensley and Ryan M. O'Donnell

INSTRUMENTS

CCDC - U.S. Army Research Laboratory, Sensors and Electron Devices Directorate, Adelphi, MD 20783, USA

three-dimensional optical data storage and microfabrication,”
Nature 398, 51-54 (1999).

5. C.Xu,and W. W. Webb, "Measurement of two-photon excitation

cross sections of molecular fluorophores with data from 690 to
1050 nm," J. Opt. Soc. Am. B 13, 481-491 (1996).

6. M. Sheik-Bahae, A. A. Said, T.-H. Wei, D. J. Hagan, and E. W. Van
Stryland, "Sensitive measurement of optical nonlinearities using a

single beam," IEEE journal of quantum electronics 26, 760-769
(1990).

7.  E.Instruments, "Guide for the Measurements of Absolute

Quantum Yields of Liquid Samples," https:/mww.edinst.com/wp-

content/uploads/2019/08/Technical-Note.pdf.

8. "Refractive Index database," https://refractiveindex.info/.

9. A M. Brouwer, "Standards for photoluminescence quantum yield

measurements in solution (IUPAC Technical Report),” 83, 2213
(2011).

10. M. Goppert-Mayer, "Uber Elementarakte mit zwei
Quantenspriingen," Annalen der Physik 401, 273-294 (1931).

11. R A Velapoldi, and H. H. Tannesen, "Corrected Emission Spectra

and Quantum Yields for a Series of Fluorescent Compounds in

the Visible Spectral Region," Journal of Fluorescence 14, 465472

(2004).
12. N.S. Makarov, M. Drobizhev, and A. Rebane, "Two-photon

absorption standards in the 550-1600 nm excitation wavelength

range," Opt. Express 16, 4029-4047 (2008).

13. "Two Photon Absorption Spectra," https://kbfi.ee/chemical-
physics/research/nonlinear-spectroscopy/multiphoton-
spectra/?lang=en.

14. T.R Ensley, R. M. O. Donnell, T. M. Pritchett, J. E. Haley, and L.
Tan, "Simplified Sum-Over-States Model Applied to Ultrafast
Nonlinear Optical Measurements of Two-Photon Absorbing
Chromophores," in 2019 IEEE Research and Applications of
Photonics in Defense Conference (RAPIDX2019), pp. 1-4.

15. J.E. Rogers, J. E. Slagle, D. G. McLean, R. L. Sutherland, B.
Sankaran, R. Kannan, L. S. Tan, and P. A. Fleitz, "Understanding
the one-photon photophysical properties of a two-photon
absorbing chromophore," Joumnal of Physical Chemistry A 108,
5514-5520 (2004).

16. J. M. Hales, J. Matichak, S. Barlow, S. Ohira, K. Yesudas, J.-L.
Brédas, J. W. Perry, and S. R. Marder, "Design of Polymethine

S|4 MANUFACTURED
WITH PRIDE IN THE
27 IS UNITED KINGDOM

For more information, please contact:

+44 (0) 1506 425 300
sales@edinst.com
www.edinst.com

Copyright ©2020. Edinburgh Instruments Ltd. All rights reserved

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Dyes with Large Third-Order Optical Nonlinearities and Loss
Figures of Merit," Science, 1185117 (2010).

R. L. Gieseking, S. Mukhopadhyay, C. Risko, S. R. Marder, and J.-L.
Brédas, "25th Anniversary Article: Design of Polymethine Dyes
for All-Optical Switching Applications: Guidance from

Theoretical and Computational Studies," Advanced Materials 26,
68-84 (2014).

J. M. Hales, S. Barlow, H. Kim, S. Mukhopadhyay, J.-L. Bredas, J.
W. Perry, and S. R. Marder, "Design of Organic Chromophores for
All-Optical Signal Processing Applications," Chemistry of
Materials 26, 549-560 (2014).

B. J. Orr, and J. F. Ward, "Perturbation theory of the non-linear
optical polarization of an isolated system," Molecular Physics 20,
513-526 (1971).

M. G. Kuzyk, and C. W. Dirk, "Effects of centrosymmetry on the
nonresonant electronic third-order nonlinear optical
susceptibility," Physical Review A 41, 5098-5109 (1990).

T. R Ensley, H. Hu, M. Reichert, M. R. Ferdinandus, D. Peceli, J. M.
Hales, J. W. Perry, Z. a. Lii, S.-H. Jang, A. K. Y. Jen, S. R. Marder, D.
J. Hagan, and E. W. Van Stryland, "Quasi-three-level model
applied to measured spectra of nonlinear absorption and
refraction in organic molecules," J. Opt. Soc. Am. B 33, 780-796
(2016).

R. S. Mulliken, "Intensities of Electronic Transitions in Molecular
Spectra I. Introduction," The Journal of Chemical Physics 7, 14-20
(1939).

M. Rumi, J. E. Ehrlich, A. A. Heikal, J. W. Perry, S. Barlow, Z. Hu, D.
McCord-Maughon, T. C. Parker, H. Rockel, S. Thayumanavan, S. R.
Marder, D. Beljonne, and J.-L. Brédas, "Structure—Property
Relationships for Two-Photon Absorbing Chromophores: Bis-
Donor Diphenylpolyene and Bis(styry)oenzene Derivatives, "
Journal of the American Chemical Society 122, 9500-9510 (2000).

M. Baluy, L. A. Padilha, D. J. Hagan, E. W. Van Stryland, S. Yao, K.
Belfield, S. J. Zheng, S. Barlow, and S. Marder, "Broadband Z-scan
characterization using a high-spectral-irradiance, high-quality
supercontinuum," J. Opt. Soc. Am. B-Opt. Phys. 25, 159-165
(2008).

D. Milam, "Review and assessment of measured values of the
nonlinear refractive-index coefficient of fused silica," Applied
optics 37, 546-550 (1998).

M. d. S. Melhado, E. C. Barbano, M. G. Vivas, S. C. Zilio, and L.
Misoguti, "Absolute Nonlinear Refractive Index Spectra
Determination of Organic Molecules in Solutions," The Joumal of
Physical Chemistry A 123, 951-957 (2019).



