Determination of the Two-Photon Absorption Cross-Section of Conjugated Natural Products

2001 Faculty Scholar Summary Report

Submitted by Jeffrey N. Woodford

October 22, 2001

Introduction

The objective of this study was to probe the nonlinear absorption properties of anthocyanidin molecules and related copigments, specifically, the two-photon absorption cross-section (2).  Anthocyanidins are a class of compounds responsible for the intense colors of fruits and flowers.  Because of their interesting photochemical properties, anthocyanidins are potential candidates for such applications as two-photon confocal microscopy and optical power limiters.  Furthermore, because they are naturally occurring, they possess benefits over conventional synthetic organic/organometallic chromophores, which typically are labor-intensive to create and toxic to living systems, and inorganic crystals, which typically are very difficult to make.  Another objective of the current study was to calculate the two-photon absorption cross-section using ab initio computational means, and to probe the structure-function relationships between the anthocyanidin chromophores and the resulting two-photon absorption cross-section.  By examining different parts of the molecular structure that give rise to large nonlinear optical effects, selecting suitable chromophores for a specific application from the wealth of naturally occurring ones may be achieved without resorting to experiment.

Results
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Starting with the crystal structure geometry of a typical anthocyanidin chromophore, cyanidin, its gas-phase and solution-phase geometries were optimized according to various basis sets and computational methods.  Figure 1 shows the chemical structure of cyanidin.  It is expected that a key geometrical parameter influencing the photophysical parameters of cyanidin, and other anthocyanidins, is the dihedral angle between the dihydroxyphenyl ring and the benzopyrylium two-ring system.  A small dihedral angle leads to increased conjugation among the three rings, influencing the absorption efficiency and wavelength of absorption.  Consequently, much computational effort was devoted to determining the dependence of this dihedral angle upon different levels of approximation.  It was found that the Restricted Hartree-Fock (RHF) level of theory was generally sufficient; employing Unrestricted Hartree-Fock (UHF) theory gave negligible improvement of optimized geometries, but at a substantial computational cost.  Table I shows the different results obtained for this dihedral angle for the RHF level of theory using different basis sets.  The basis sets used varied from a Slater-type minimal one (STO-3G), to a very large Pople-type one (6-311G), and a moderate-sized Pople-type basis set in between (4-21G).  For all basis sets, a small dihedral angle is obtained – this is a hopeful result.  In comparison, the crystal structure dihedral angle is 10o, much bigger than any of the results in Table I.  The geometry was also optimized, and the dihedral angle calculated, using RHF theory and a continuum model for the solvent, the Self-Consistent Reaction Field (SCRF) model.  In the SCRF model, the solute is assumed to occupy a spherical cavity with a dielectric continuum representing the solvent outside the sphere; in general, the geometry of the solute depends on the cavity radius.  The solvent used for the present study was water.  Presented in Table II are the results for the radius dependence of the dihedral angle using the three different basis sets.  As can be plainly seen, in the limit of large radius, the dihedral angles approach the gas-phase results of Table I.  Also evident is the weak radius dependence of the dihedral angle, showing that the SCRF level of approximation is an acceptable one for a problem of this type.  This computational procedure appears to produce reasonable gas-phase and solution-phase geometries to be used for later calculations.

2. The computation of the two-photon absorption cross-section was also attempted directly, using the various optimized geometries.  Unfortunately, the traditional method of computing these quantities, Time-Dependent Hartree-Fock (TDHF) theory, would not work in the case of anthocyanidins, because of the locations of electronic resonances in places of experimental interest.  Therefore a truncated form of Configuration Interaction theory (CI) was attempted.  The CI method produces energies of and transition moments between excited states of the molecule; these parameters are then substituted into a theoretical expression for 2.  Full CI is not computationally feasible for a molecule of this size; and truncated CI has the substantial disadvantage of calculating an approximate 2 only indirectly; nevertheless, the method may be used at least qualitatively to predict relative 2 values.  Two forms of truncated CI were used: Singles CI (S-CI) and Singles-Doubles CI (SD-CI).  SD-CI is a better approximation than S-CI, but requires substantially more computational effort.  Correctness of computational methodology was verified using water as a test case; reasonable results were obtained.  Shown in Table III are the excited state energies for the first 100 excited states for cyanidin using S-CI.  From these energies and the associated transition moments, a value of 2.17 × 10-39 cm4 s at  = 800 nm can be deduced for 2.  This value compares favorably with many popular synthetic dyes such as Rhodamine 6G.

3. Experimentally, the measurement of the two-photon absorption cross-section for these molecules has proven to be considerably more challenging than originally anticipated.  Initially, it was attempted to measure 2 using the laser spectroscopic equipment here in the Physics Department at Eastern; however, the laser system present does not produce enough power for 2 to be measurable.  Therefore, a collaboration with Dr. Alan G. Joly at the Environmental Molecular Sciences Laboratory (EMSL) at Pacific Northwest National Laboratories (PNNL) in Richland, Washington, was initiated in order that their laser equipment may be used to measure 2 of these chromophores.  After several attempts using different experimental methods and different laser systems, we finally obtained some preliminary data using the “Z-scan” method with a femtosecond titanium:sapphire laser operating in pulsed mode at a wavelength of 800 nm.  In the Z-scan method, the sample is scanned through the focus of the laser beam; the beam is distorted due to self-action from the nonlinear refractive index, which contains a term proportional to 2.  Figure 2 shows the “closed-aperture” Z-scan for quercetin, a chromophore structurally related to cyanidin, dissolved in ethanol solvent at a concentration of 6.50 mM.  This concentration is very near the saturation point for quercetin in ethanol.  The shape of the curve is characteristic of self-focusing from the nonlinear refractive index.  The asymmetry present in the curve arises because of nonlinear absorption in the sample.  Comparison of the experimental transmission curve with a theoretical expression yields both the real and imaginary parts of the nonlinear refractive index.  An “open aperture” Z-scan is also required to determine unambiguously 2.

4. Finally, several funding opportunities were investigated during the summer months.  A full proposal entitled “Revitalization of the Physical Chemistry Laboratory Curriculum and Study of the Nonlinear Optical Properties and Complexation of Natural Chromophores” was submitted to the National Science Foundation’s Faculty Early Career Development (CAREER) program, requesting $458,043 over five years.  Another proposal entitled “Two-Photon Absorption Studies of Naturally-Occurring Dyes” was submitted to the American Chemical Society’s Petroleum Research Fund, requesting $35,000 over two years.  These proposals are still pending.  Appendix A has the text of these two proposals. A third proposal is currently in preparation.

The results presented above shall be the subject of a manuscript and a poster, both currently in preparation.  The poster shall be presented to the Spring 2002 meeting of the American Chemical Society in Orlando, Florida.

Conclusions and Future Work

Many exciting research avenues remain uncharted in this current project:

1. Use more sophisticated solvation models besides SCRF.  Another popular solvation model, the Polarizable Continuum Model (PCM), does away with the unphysical “solute cavity”.  PCM is a better approximation to reality, but it is much more computationally demanding.  Attempts to implement PCM with current computer resources have so far been unsuccessful.

2. Perform further calibrations on the 2 computations.  Using water to calibrate the results is a good first step, but larger molecules should be the basis for a correct calibration.  Hence the value quoted above for 2 of cyanidin really should be considered only a “first estimate”.  

3. Perform geometry optimizations and 2 computations for other anthocyanidins.  Currently about twenty natural anthocyanidins have been discovered, and they should all be computed in order that general trends may be discovered between substituents on the anthocyanidin framework.

4. Complete the experimental measurements on quercetin and cyanidin.  Surprisingly, the experimental work was the most frustrating part of the research.  The experiments are deceptively difficult and great care must be taken to ensure accurate results.  Several more trips to PNNL are planned for later this year in order to complete the experimental work.

5. Investigate the copigmentation effect.  Anthocyanidins have the ability to form complexes in solution with similar molecules such as quercetin.  These complexes have stronger absorption than compared to the free anthocyanidin and this effect is known as the copigmentation effect.  It is an interesting phenomenon and I am currently supervising undergraduate student research to investigate it.

Table I.  Dependence of the Dihedral Angle on Different Basis Sets in the Gas Phase

	Basis Set
	Angle (deg)

	STO-3G
	0.0925

	4-21G
	2.6487

	6-311G
	0.0152


Table II.  Dependence of the Dihedral Angle (in Degrees) on Different Basis Sets and on Cavity Radius in the SCRF Model

	Radius (Å)
	STO-3G
	4-21G
	6-311G

	6.0
	0.10958
	3.2183
	0.1632

	6.1
	0.09788
	3.1727
	0.1565

	6.2
	0.08875
	3.1188
	0.1553

	6.3
	0.07792
	3.3594
	0.1575

	6.4
	0.07135
	3.0553
	0.1388

	6.5
	0.06739
	3.0204
	0.1121

	6.6
	0.06580
	2.9914
	0.1166

	6.7
	0.06273
	2.9616
	0.1270

	6.8
	0.05770
	2.9388
	0.1142

	6.9
	0.05854
	2.9177
	0.1304

	7.0
	0.05567
	2.8989
	0.1065


Table III.  Energies of the First 100 Excited States for Cyanidin in the S-CI Approximation

	State
	Energy (a.u.)
	State
	Energy (a.u.)

	1
	-984.783540
	51
	-982.403601

	2
	-982.729574
	52
	-982.398295

	3
	-982.694020
	53
	-982.393095

	4
	-982.673957
	54
	-982.390364

	5
	-982.661712
	55
	-982.383500

	6
	-982.657162
	56
	-982.381812

	7
	-982.656018
	57
	-982.378619

	8
	-982.628987
	58
	-982.377706

	9
	-982.615406
	59
	-982.375884

	10
	-982.607916
	60
	-982.365741

	11
	-982.596064
	61
	-982.365016

	12
	-982.593130
	62
	-982.361171

	13
	-982.582799
	63
	-982.359940

	14
	-982.571743
	64
	-982.358453

	15
	-982.568222
	65
	-982.355819

	16
	-982.562747
	66
	-982.354926

	17
	-982.556849
	67
	-982.352133

	18
	-982.550496
	68
	-982.351193

	19
	-982.540343
	69
	-982.347317

	20
	-982.532614
	70
	-982.344019

	21
	-982.527050
	71
	-982.341098

	22
	-982.519061
	72
	-982.340165

	23
	-982.509958
	73
	-982.338767

	24
	-982.507639
	74
	-982.334354

	25
	-982.503075
	75
	-982.333569

	26
	-982.497206
	76
	-982.330918

	27
	-982.495649
	77
	-982.327913

	28
	-982.486166
	78
	-982.323332

	29
	-982.484629
	79
	-982.321889

	30
	-982.481436
	80
	-982.320807

	31
	-982.479091
	81
	-982.317541

	32
	-982.476469
	82
	-982.314828

	33
	-982.473307
	83
	-982.312309

	34
	-982.467841
	84
	-982.303760

	35
	-982.461847
	85
	-982.300755

	36
	-982.458185
	86
	-982.300315

	37
	-982.452097
	87
	-982.298164

	38
	-982.448501
	88
	-982.295849

	39
	-982.439598
	89
	-982.294807

	40
	-982.439058
	90
	-982.293021

	41
	-982.437680
	91
	-982.291934

	42
	-982.430330
	92
	-982.289394

	43
	-982.427337
	93
	-982.287399

	44
	-982.424056
	94
	-982.286743

	45
	-982.420291
	95
	-982.281924

	46
	-982.417476
	96
	-982.280107

	47
	-982.414780
	97
	-982.279331

	48
	-982.409289
	98
	-982.276763

	49
	-982.408500
	99
	-982.274258

	50
	-982.404129
	100
	-982.272270
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Figure � SEQ Figure \* ARABIC �1�.  Chemical structure of cyanidin.
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