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smaller for perpendicular, compared with parallel relative polarization, indicating a totally 

symmetric transition to a state with A' symmetry. 

Both the La- and Lb-type 1!!* transitions of conjugated molecules have A' symmetry, 

consistent with the polarization ratios that we measure for compound 1. Although there is no 

restriction on the polarization ratio for molecules in the lower-symmetry C1 point group, the 

polarization ratio for compound 2 reports on the local symmetry of the pHP chromophore, which 

maintains a similar structure as 1, and therefore will follow a similar trend. Given the relatively 

large polarization ratio across the spectrum for both 1 and 2 (Table 7.1), we are confident that the 

strong 2PA band at 4.5 eV accesses a totally symmetric (A') excited state for both compounds, 

and therefore has little or no contribution from the lower-lying 1n!* state. 

 

7.5 Conclusions 

 The photochemistry of pHP releasing different phosphates, such as ATP and GTP has 

been thoroughly investigated by a number of research groups.20,36,50 While there are examples of 

PPGs that exhibit two-photon induced reactions using longer wavelength excitation10,13,51-56, 

most have not been well characterized using one-photon to induce uncaging. Here we have 

determined the intensity-dependent 2PE-induced release rates of two well-studied caged 

esters18,23,57 following irradiation with a Ti:Sapphire pulsed femtosecond laser and we also 

measured the broadband 2PA spectroscopy of two pHP chromophores. Based on the known 

efficient, rapid release rates, and the demonstrated biocompatibility of pHP,2,3,17 these esters have 

immediate and wide-ranging applicability as 2PE phototriggers for studies in chemistry and 

biology.7,15,16 Furthermore, this study demonstrates the viability of pHP as a two-photon 

activated PPG to spatially control the release of biologically active compounds. 
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 Although the bulk conversion rates are rather low for the large (1 mL) samples studied 

here, controlled release in the small focal volume of a laser beam would be achieved much faster, 

and could be further accelerated with a higher-repetition rate laser. Our experiments use an 

amplified Ti:Sapphire laser operating at 1 kHz in order to generate tunable pump pulses and 

white light probe, but repetition rates up to 100 MHz are possible using Ti:Sapphire oscillators 

over a narrower wavelength range. Lower pulse energies are easily compensated with tighter 

focusing conditions in order to achieve comparable conversion rates with excellent spatial 

resolution when using a higher repetition rate. Shorter pulse durations would also increase the 

peak intensity, giving increased excitation rates. Conversely, continuous wave (cw) two-photon 

excitation would not allow for the efficient release of substrates from a pHP PPG58 because the 

peak intensities necessary for a two-photon excitation process (10-1010 W/cm2) are not easily 

attained with cw.51,54,59 Our measurements have peak intensities well within the range needed to 

induce efficient two-photon uncaging, as well as the pHP chromophores we studied have 

sufficiently large absolute 2PA cross sections (>10 GM) allowing for selective excitation of the 

pHP chromophore to then selectively release bound substrates. 

 

7.6 Appendices 

7.6.1 Raman Band Subtraction and Polarization Ratios 

 The integrated signal we measure for the broadband 2PA spectra of 1, 2, 1–, and 2– in 

methanol also include a stimulated Raman signal from the pump light dominated by CH3 

stretching modes in methanol. Stimulated Raman contributions from pure methanol are 

subtracted from the broadband 2PA signal of the molecules to give the full 2PA spectra above. 

The entire integrated signals obtained for all the molecules in solvent and pure solvents are 



 174 

below for both relative parallel and perpendicular polarizations of the pump and probe beams 

(Figures 7.6,7.8, 7.10).  

 The 2PA parallel and perpendicular polarization measurements are used to determine a 

polarization ratio, r = σ2PA(||)/σ2PA(⊥).45-47,49 The polarization ratio gives information about the 

symmetry of the two-photon allowed electronic transitions of the molecules. Molecules that 

belong to the C2 point group have r≥4/3 for totally symmetric transitions with A' character and 

r<4/3 for nontotally symmetric transitions with A'' character.45-47,49 The measured polarization 

ratios of the molecules are below (Figures 7.7, 7.9, 7.11). Light gray regions in the spectra of the 

integrated signals and the polarization ratios indicate stimulated Raman signal and the dark gray 

regions are areas of small signals, low signal-to-noise resolution, or additional scattering 

contributions. 
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Figure 7.6 1 in methanol, two-photon absorption (2PA) and stimulated Raman signals integrated 

in time, plotted against total energy (pump+probe energy). Top row of spectra used a pump 

excitation of 800 nm, the middle row of spectra used a pump excitation of 470 nm, and the 

bottom row of spectra used a pump excitation of 370 nm. The light gray boxes indicate the 

energy range that Raman contributions are present following the excitations listed above and the 

dark gray boxes indicate areas of either small signals from low probe light signal, low signal-to-

noise resolution, or additional scattering contributions (i.e. Rayleigh, Stokes, Anti-Stokes 

scattering). 
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Figure 7.7 1 in methanol, 2PA parallel/perpendicular polarization ratio, with the Raman 

contributions subtracted from the 2PA signal. 
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Figure 7.8 2 in methanol, two-photon absorption (2PA) and stimulated Raman signals integrated 

in time, plotted against total energy (pump+probe energy). Top row of spectra used a pump 

excitation of 800 nm and the bottom row of spectra used a pump excitation of 470 nm. The light 

gray boxes indicate the energy range that Raman contributions are present following the 

excitations listed above and the dark gray boxes indicate areas of either small signals, low signal-

to-noise resolution, or additional scattering contributions (i.e. Rayleigh, Stokes, Anti-Stokes 

scattering). 
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Figure 7.9 2 in methanol, 2PA parallel/perpendicular polarization ratio, with the Raman 

contributions subtracted from the 2PA signal. 
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Figure 7.10 (Top) 1– in basic methanol and (Bottom) 2– in basic methanol, both excited with 800 

nm pump light, two-photon absorption (2PA) and stimulated Raman signals integrated in time, 

plotted against total energy (pump+probe energy). The light gray boxes indicate the energy range 

that Raman contributions are present following the excitation listed above and the dark gray 

boxes indicate areas of either small signals, low signal-to-noise resolution, or additional 

scattering contributions (i.e. Rayleigh, Stokes, Anti-Stokes scattering). 
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Figure 7.11 2– in basic methanol, 2PA parallel/perpendicular polarization ratio, with the Raman 

contributions subtracted from the 2PA signal. 

 

7.6.2 Stimulated Raman Scattering as an Internal Standard 

The stimulated Raman signal of the solvent can be used as an internal standard to more 

accurately determine the absolute 2PA cross section of the studied molecules.33 The integrated 

Raman signal of pure methanol in the time and frequency domain is proportional to the Raman 

scattering cross section (dσ/dΩ) of methanol. The stimulated Raman cross section is given as, 

 !"
!!
= − !" !"

!!"#! ℓ !"
 
ℏ !!"#! !!"#$!

!

! !! !! !!"#$%&'
Δ𝐴 𝜏,𝑤 𝑑𝜏𝑑𝑤!"#"$    (3) 

The absolute 2PA cross is given as,24 

 𝜎!!" =
!" !"

!!"#! ℓ !"
 ℏ !!"#!

!!"#$%&'
Δ𝐴 𝜏 𝑑𝜏!!"      (4) 

Equation 5 uses the determined Gaussian overlap factor (GF) from the stimulated Raman cross 

section measurement of the solvent in Equation 3 and uses the determined GF in the absolute 

2PA cross section equation to obtain a more accurate absolute 2PA cross section by using the 

Raman signal as an internal standard.  
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!!"#$%& !!"#$%
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!!

 !! ! !!!!"
!! !,! !"!#!"#"$

     (5) 

The 2PA and Raman cross section parameters are listed in Table 7.3. The determined Raman 

scattering cross section is compared against the literature spontaneous Raman cross section of 

methanol to determine accuracy of the measurement (Tables 7.4 and 7.5).34,35 
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Table 7.3 Parameters for the 2PA and Raman cross section measurements.a,b 

Pump light 370 nm 
(1) 

470 nm 
(1) 

470 nm 
(2) 

800 nm 
(1)c 

800 nm 
(2)c 

800 nm 
(1)c 

800 nm 
(1–)c 

800 nm 
(2)c 

800 nm 
(2–)c 

Epump 
(10-6, J/pulse) 

1.00 
[0.10] 

4.54 
[0.14] 

4.54 
[0.14] 

1.46 
[0.04] 

1.46 
[0.04] 

0.86 
[0.03] 

0.86 
[0.03] 

1.42 
[0.04] 

1.42 
[0.04] 

GF 
(cm-2) 

1330 
[40] 

236 
[21] 

236 
[21] 

335 
[28] 

335 
[28] 

793 
[106] 

793 
[106] 

431 
[41] 

431 
[41] 

ωpump 
(1015, s-1) 

5.09 4.01 4.01 2.35 2.35 2.35 2.35 2.35 2.35 

ωprobe 
(1015, s-1) 

3.44 3.49 3.49 2.94 2.94 2.92 2.92 2.92 2.93 

Nsolute 
(1019, molec/cm3) 

12.4 
[0.1] 

3.7 
[0.7] 

6.5 
[1.0] 

3.7 
[0.7] 

6.5 
[1.0] 

3.7 
[0.7] 

3.7 
[0.7] 

6.5 
[1.0] 

3.2 
[1.0] 

∫ΔA(τ,w)dτdwRama

n 
(OD) 

-0.020 
[0.001] 

-0.041 
[0.001] 

-0.041 
[0.001] 

0.025 
[0.001]d 

0.026 
[0.001]d 

0.025 
[0.001] 

0.026 
[0.001] 

0.028 
[0.001] 

0.028 
[0.001] 

∫ΔA(τ)dτ2PA 
(ps·mOD) 

1.19 
[0.02] 

1.05 
[0.02] 

0.81 
[0.02] 

0.62 
[0.01] 

0.58 
[0.01] 

0.78 
[0.02] 

1.42 
[0.03] 

0.61 
[0.01] 

0.46 
[0.01] 

Values in square brackets are reported uncertainties with 95% confidence. a Constant parameters 

for the measurements: ℓ – path length (1 mm); Nsolvent – number density of the solvent methanol 

(1.5×1022 molec/cm3); ħ – Planck’s constant; c – Speed of light. b Definition of parameters: Epump 

– incident energy of pump beam; GF – Gaussian overlap factor of pump and probe beams; ωpump 

– angular frequency of the pump beam; ωprobe – angular frequency of the stimulated Raman band 

in the probe beam; Nsolute – number density of the solute; ∫ΔA(τ,w)dτdwRaman – integrated 

stimulated Raman band in the time and frequency domain; ∫ΔA(τ)dτ2PA – integrated 2PA signal in 

the time domain. c Signal is the Stokes stimulated Raman scattering signal. d Raman and 2PA 

cross-sections were determined using the Raman contribution in the data set of the sample 

because of a diminished Raman signal from the pure solvent data set, likely due to a change in 

the overlap of the pump and probe beams. 
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Table 7.4 Measured Raman cross sections of pure methanol and basic methanol. 

 Experiment Literature 
Pump Light 370 nm 

(1) 
470 nm 

(1) 
470 nm 

(2) 
800 nm 

(1–)a 
800 nm 

(2–)a 
488 nmb 

Raman Cross Section 
(10-30 cm2/molec·ser) 13 [3] 1.7 [0.4] 1.7 [0.4] 0.69 [0.21] 0.84 [0.20] 5.7 [0.6] 

2PA Cross Section of Solute 
from Raman Internal Standard 

(GM) 

3.8 [1.1] 
@ 6.12 eV 

87 [25] 
@ 4.50 eV 

38 [11] 
@ 4.50 eV 

265 [76] 
@ 3.85 eV 

91 [35] 
@ 3.85 eV – 

2PA Cross-Section of Solute 
from Measured Parameters 

(GM) 

6.0 [2.7] 
@ 6.12 eV 

26 [12] 
@ 4.50 eV 

11 [6] 
@ 4.50 eV 

32 [16] 
@ 3.85 eV 

13 [8] 
@ 3.85 eV – 

Values in square brackets are reported uncertainties with 95% confidence. a Signal is the Stokes 

stimulated Raman scattering signal. b Refs. 34,35. 

 

Table 7.5 Measured Raman cross sections of pure methanol and basic methanol. 

 Experiment Literature 
Pump Light 800 nm 

(1)a 
800 nm 

(2)a 
800 nm 

(1)a 
800 nm 

(2)a 
800 nm 

(1–)a 
800 nm 

(2–)a 
488 nmb 

Raman Cross Section 
(10-30 cm2/molec·ser) 0.92 [0.23]c 0.94 [0.23]c 0.65 [0.20] 0.82 [0.20] 0.69 [0.21] 0.84 [0.20] 5.7 [0.6] 

2PA Cross Section of 
Solute from Raman 

Internal Standard (GM) 

121 [37]c 

@ 4.50 eV 
63 [19]c 

@ 4.50 eV 
155 [44] 

@ 4.50 eV 
61 [23] 

@ 4.50 eV 
265 [76] 

@ 3.85 eV 
91 [35] 

@ 3.85 eV – 

2PA Cross Section of 
Solute from Measured 

Parameters (GM) 

20 [9] 
@ 4.50 eV 

11 [5] 
@ 4.50 eV 

18 [9] 
@ 4.50 eV 

9 [4] 
@ 4.50 eV 

32 [16] 
@ 3.85 eV 

13 [8] 
@ 3.85 eV – 

Values in square brackets are reported uncertainties with 95% confidence. a Signal is the Stokes 

stimulated Raman scattering signal. b Refs. 34,35. c Raman and 2PA cross sections were 

determined using the Raman contribution in the data set of the sample because of a diminished 

Raman signal from the pure solvent data set, likely due to a change in the overlap of the pump 

and probe beams.  

 

7.6.3 Determination of the Two-Photon Action Cross Section 

 The two-photon action cross section (σaction) is the product of the two-photon reaction 

quantum yield (Φ2PA) and the absolute 2PA cross section (σ2PA). The Φ2PA is the measurement of 

the number of molecules converted per absorption event.  

 Φ!"# =
!"#$%&#$' !"#$%&'%(

!"#$#% !"#$%&'($) !"!#$
        (6) 
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Equation 7 gives the change in irradiance through the path length, ℓ, of the sample when only a 

two-photon absorption process occurs, where I is the irradiance in the r and z cylindrical 

coordinates and in time, t, and β is the 2PA coefficient (proportional to σ2PA), N is the number 

density of the sample, and λ, is the pump wavelength.  

 !" !,!,!
!"

= −𝛽𝐼 𝑟, 𝑡, 𝑧 ! = −σ!"#𝑁
!
!!

𝐼 𝑟, 𝑡, 𝑧 !     (7) 

Using Equation 7 the transmitted irradiance can be determined and is given by Equation 8, where 

I0 is the incident irradiance.  

 𝐼 𝑟, 𝑡 = !! !,!
!!!ℓ!! !,!

         (8) 

Which can be rewritten as, when βℓI0(r,t)≪1, 

 Δ𝐼 = 𝐼! 𝑟, 𝑡 − 𝐼 𝑟, 𝑡 ≅ 𝛽ℓ𝐼!! 𝑟, 𝑡        (9) 

The total difference in energy, ΔE, is the difference of the total incident energy, E0, and the 

energy as a function of position in the path length of the sample, E(z). In Equation 10 ΔE is 

determined by integrating the difference in irradiance, ΔI, over the time, t, and transverse 

coordinates, r.  

 Δ𝐸 = 𝐸! − 𝐸 𝑧 = Δ𝐼 𝑑𝑟 𝑑𝑡       (10) 

The incident pulse shape I0(r,t) is approximated to be Gaussian functions in t and r in Equation 

11; where, ρ is the pulse width, τ is the pulse duration, I0 is the peak irradiance and is given in 

Equation 12, and E is the integrated pulse energy.  

 𝐼! 𝑟, 𝑡 = 𝐼!𝑒!!
! !!!𝑒!!! !!!        (11) 

 𝐼! =
!

!! ! !!!!
          (12) 

Ultimately, ΔE is equal to Equation 13 when Equations 11 and 13 are plugged into Equation 10 

and using the relation of β to σ2PA in Equation 7.  
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 Δ𝐸 = !!"#!ℓ!!

!!! !!!!
!
!!

         (13) 

The two-photon excitation rate (Rate, molecules converted per laser pulse) is related to ΔE,  

 Rate = !!
!!
!

Φ!"# =
!ℓ

!!! !!!!
!
!!

!
𝐸!σ!"#Φ!"#     (14) 

Equation 15 is given in terms of the full width at half maximum (FWHM) of ρ and τ.  

 Rate = ! !" ! ! !!ℓ
!! !!!"#$

! !!"#$

!
!!

!
𝐸!σ!"#Φ!"# = constant 𝐸!σ!"#$%&   (15) 

The two-photon excitation rate is proportional to the product of the two-photon action cross 

section (σaction) and the square of the integrated energy (E) of the laser pulse (Equation 15), 

where σaction is the product of the σ2PA and Φ2PA. The parameters for the two-photon action cross 

section measurements are listed in Table 7.6. 

 

Table 7.6 Parameters of two-photon action cross sections.a,b 

Pump light, λ 550 nm 
(2) 

550 nm 
(3) 

N (1019, molec/cm3) 5.9 [1.7] 3.8 [0.4] 
ℓ (cm) 1.000 [0.002] 1.000 [0.002] 

ρFWHM (10-3, cm) 22.9 [0.8] 22.9 [0.8] 
τFWHM (10-15, s) 87.7 [6.1] 87.7 [6.1] 
σaction (GM) 0.53 [0.16] 0.28 [0.04] 

Values in square brackets are reported uncertainties with 95% confidence. a Constant parameters 

for the measurements: h – Planck’s constant; c – speed of light. b Definition of parameters: N – 

number density of the solute in solution; ℓ – path length; ρFWHM – full width at half maximum of 

the beam diameter; τFWHM – full width at half maximum of the pulse duration; σaction – two-

photon action cross section, σaction = σ2PAΦ2PA. 
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8. Conclusions 

In this dissertation we have used nonlinear excitation, namely two-photon excitation to 

measure the electronic spectroscopy, excited-state dynamics, and reaction quantum yields of 

photoactivated molecules. The photoactivated molecules studied include two photochromic 

molecules, stilbene and 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluoro-cyclopentene 

(DMPT-PFCP), in addition to a phototrigger molecule, para-hydroxyphenacyl (pHP). By 

studying higher-lying excited electronic states of photoactivated molecules, we gain insight into 

the behavior of these states. Additionally, we can use nonlinear excitation to control the 

photochemical reaction pathways of these photoactivated molecules.  

The one- and two-photon absorption spectroscopy provides the excited-state energies of 

the higher-lying one- and two-photon accessible states. The excited-state dynamics from S1 

following linear excitation are well studied for these photochromic molecules, but much less is 

known about the dynamics from higher-lying excited states following nonlinear excitation. The 

excited state dynamics shows the photochromic molecules relax on the order of hundreds of 

femtoseconds to S1 following two-photon excitation to higher-lying states, but once on S1 the 

same dynamics are observed as with linear excitation.1 However, ionization induced by 

excitation with more than two photons opens up a different reaction pathway, which can be used 

to control the photochemical reaction of these photochromic molecules. The nonlinear excitation 

process also affects the reaction quantum yields of the photoactivated molecules. 

Stilbene is an ideal model photochromic system because this molecule undergoes 

photoisomerization and photocyclization.2-6 The complementary spectroscopy and dynamics 

measurements of stilbene from S1 have been studied extensively.2-6 Our one- and two-photon 

absorption spectroscopy measurements of the stilbene series, consisting of trans-stilbene, cis-
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stilbene, and phenanthrene, indicate we access different excited states with one and two photons 

for different symmetry point groups. We then excited higher-lying two-photon accessible states 

of trans-stilbene, which induces very fast dynamics from SN to S1 and the potential energy 

surface of S1 dictates the long time dynamics to the ground S0 state.1 Further dynamics 

measurements following two-photon excitation with better time resolution and/or a better 

measure of the vibrational dynamics can provide added insight into the structural relaxation and 

isomerization dynamics of trans-stilbene from higher-lying excited states. The ionization of 

trans-stilbene with more than two photons can also be investigated to determine if additional 

reaction pathways are accessed by these higher-lying excited states. 

DMPT-PFCP is a more complicated photochromic model system that reversibly 

undergoes cyclization and cycloreversion following irradiation with light, from the open-ring 

isomer to the closed-ring isomer and vice versa, respectively.4,7 We measured the spectroscopy, 

quantum yields, and excited-state dynamics of the closed-ring isomer of DMPT-PFCP to 

investigate the cycloreversion reaction under one- and two-photon excitation. The electronic 

spectroscopy of the closed-ring isomer has a strong absorption at 3.3 eV in both the one- and 

two-photon absorption spectra. However, measuring the quantum yields following linear and 

nonlinear excitation with a total energy of 3.3 eV give reaction yields of ~1.5% and ~16%, 

respectively; which is not consistent if the same reaction pathways are accessed with one and 

two photons. The excited-state dynamics measurements revealed distinct differences following 

linear and nonlinear excitation, as well as with low and high intensity light, indicating a different 

reaction pathway is accessed under high intensity nonlinear excitation. We have provided 

evidence of an ionization pathway being accessed following nonlinear excitation with high 

intensity light, which may explain the order of magnitude increase in the quantum yield 
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following nonlinear excitation. We have suggested the 2+ cation of the closed-ring isomer 

undergoes the cycloreversion reaction to produce more open-ring isomer molecules, but the 

spectroelectrochemistry of DMPT-PFCP would provide spectroscopic information about the 1+ 

and 2+ cations. Additional electron quenching experiments with N2O or another quencher of the 

quantum yields and dynamics following nonlinear excitation will give further evidence for the 

ionization mechanism under these excitation conditions. 

The phototrigger we studied, pHP photochemically releases substrates quickly and 

efficiently in aqueous media and produces only one major photoproduct.8-14 The lowest energy 

absorption bands in the UV are the same for one- and two-photon absorption of the protonated 

pHP compounds. For the deprotonated pHP compounds the lowest energy absorption bands are 

red-shifted and are the same for one- and two-photon absorption. pHP has previously been 

shown to photochemically release a substrate with linear excitation8-14 and we have demonstrated 

the same release following two-photon excitation. Measuring the two-photon induced release of 

substrates from deprotonated pHP compounds would provide a means of releasing substrates 

with visible to near-IR light rather than with UV light.  

 The two-photon absorption spectroscopy, dynamics, and quantum yield measurements 

presented in this dissertation are useful for a wide range of applications. These nonlinear 

measurements of the photochromic molecules studied here can provide fundamental molecular 

information about applications from optical data storage to three-dimensional microfabrication. 

For the phototrigger molecules these measurements can be utilized for applications ranging from 

two-photon fluorescence microscopy to drug delivery. The nonlinear measurements presented in 

this dissertation provide fundamental information about the two-photon accessible excited states 

of these photochromic and phototrigger molecule and this information can be used to improve 
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two-photon excitation applications. Computational studies of two-photon accessible excited 

states can provide spectroscopic information about the photoactivated molecules, ranging from 

the excited-state energies to the character of the excited states. Transient Raman spectroscopy 

can be used to obtain any vibrational information about the higher-lying excited states of these 

photoactivated molecules. Studying the two-photon absorption spectroscopy, dynamics, and 

quantum yields of the photochromic molecules in the solid phase can provide additional 

information about the higher-lying excited states without complications from solvents. 

This dissertation used nonlinear excitation, specifically two-photon excitation to study 

higher-lying excited states to develop a better fundamental understanding of these states. The 

nonlinear spectroscopy research on photoactivated molecules in this dissertation provides 

complimentary information about two-photon accessible exited states, excited-state dynamics, 

and reaction quantum yields. These nonlinear measurements answer fundamental questions 

about the higher-lying excited states of these photoactivated molecules. Additionally, we have 

demonstrated that nonlinear excitation can be used to selectively control the outcome of 

photochemical reactions. This research also provides spectroscopic benchmarks for further 

experimental and computational studies of the character and energies of the two-photon 

accessible states of these photochromic and phototrigger molecules. 
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