
REPORT DOCUMENTATION PAGE 
AFRL-SR-AR-TR-04- 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send corr 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Dir 
Davis Highway, Suite 1204, Arlington, VA  22202-4302, and to the Office of Management and Budget, Paperwork 

1. AGENCY USE ONLY (Leave blank) 2.  REPORT DATE 

16 MAR 2004 

REPORT 1 

FINAL REPORT 15 JUL 02 TO 14 JUL 03 
4.  TITLE AND SUBTITLE 
NANOCOMPOSITE MATERIALS AND MICROSTRUCTURED DEVICES FOR 
OPTICAL LIMITING AND SWITCHING AND PHOTOVOLTAIC APPLICATIONS 

6. AUTHOR(S) 

JOSEPH PERRY 

7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

UNIVERSITY OF ARIZONA 
DEPARTMENT OF CHEMISTRY & OPTICAL SCIENCES CENTER 
TUCSON, AZ 85721 

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS{ES) 

AFOSR/NL 
4015 WILSON BLVD., ROOM 713 
ARLINGTON, VA 22203-1954 

5.  FUNDING NUMBERS 

F49620-02-1-0358 

2303/CX 

61102F 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION AVAILABILITY STATEMENT 

APPROVE FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 
This is a multi-investigator program, involving an integrated theory and modeling, synthesis, nonlinear optical spectroscopy, 
and electronic characterization effort, that is being undertaken by the Perry, Bredas, Kippelen and Marder gorUps. The 
activities being pursued under this AFOSR program are: 1) development two-photon absorbing molecules with large 
two-photon cross sections and excited-state absorption cross sections for optical power limiting applications, 2) 
chromophore/nanoparticle assemblies with enhanced nonlinearity for optical power limiting applications, and 3) advanced 
organic transport materials for photovoltaic/photoconducting applications. 

20040324 050 
14. SUBJECT TERMS 

17. SECURITY CLASSIFICATION 
OF REPORT 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

15. NUMBER OF PAGES 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

Standard Form 298 (Rev. 2-89) (EG) 
Prescribed by ANSI Std. 239.18 
Designed using Perform Pro, WHS/DIOR, Oct 94 



Nanocomposite Materials and Microstructured Devices for 
Optical Limiting and Switching and Photovoltaic Applications 

Final Report for 

Dr. Charles Lee 

Air Force Office of Scientific Research 

Grant Number: F496200210358 

Joseph Perry 
Principal Investigator 

Jean-Luc Bredas, Bernard Kippelen, and Seth R. Marder 
Co-Investigators 

Department of Chemistry and Optical Sciences Center 
University of Arizona 

Tucson, Arizona 85721 

(520) 621-6354 
(520) 621-8407 (FAX) 
jwperry@u.arizona.edu 

March 12, 2004 



Summary 

This is a multi-investigator program, involving an integrated theory and modeling, 
synthesis, nonlinear optical spectroscopy, and electronic characterization effort, that is being 
undertaken by the Perry, Bredas, Kippelen and Marder groups. The activities being pursued 
under this AFOSR program are: 1) development two-photon absorbing molecules with large 
two-photon cross sections and excited-state absorption cross sections for optical power limiting 
applications, 2) chromophore/nanoparticle assemblies with enhanced nonlinearity for optical 
power limiting applications, and 3) advanced organic transport materials for 
photovoltaic/photoconducting applications. 

Two-Photon Materials 
Progress: 
1) Theoretical Modeling: We have made progress towards developing an understanding of 
the influence of the conjugated backbone and the ground-state polarization on the TPA response 
as well as of the influence of correlation effects. We have performed calculations of the 
evolution of the two-photon cross section as a function of the ground-state polarization using 
highly correlated quantum chemical methods (INDO/MRD-CI) for a series of symmetric and 
asymmetric compounds. We are developing methodologies to handle nondegenerate TPA. 
2) TPA Materials for Optical Limiting: New centrosymmetric branched structures with a 
donor-acceptor donor (D-A-D) motif that contain a pyrazine linker have been synthesized and 
their nonlinear optical transmission and optical limiting properties have been measured. 
Branching appears to strongly influence the strength of the excited-state absorption at the two- 
photon pumping wavelength. 
3) Dye Coated Nanoparticle Synthesis and Characterization: Thiolated two-photon dyes 
(A-71-A and D-7t-D) have been synthesized and used to form a dense coating containing ~2,500 
chromophores on silver nanoparticles and the linear and two-photon properties of the coated 
nanoparticles were determined. Very strong, optical limiting at low input pulse energy was 
observed for suspensions of silver nanoparticle clusters in solution. Attempts to date to observe 
strong optical limiting in dye coated nanoparticle systems have not been successful. More work 
is needed to stabilize the suspensions in organic solvents and to optimize resonance coupling of 
the dyes and the particles. 
4) TPA dye synthesis: Some highly soluble two-photon dyes, including a liquid dye, and 
polymerizable dyes have been synthesized. 
5) Modeling of Two-Photon Absorbing Chromophores: We have performed theoretical 
calculations on two-photon absorbing chromophores in order: (i) to understand the influence of 
metal cations on the donor abilities in donor-acceptor-donor systems; and (ii) to determine the 
influence of intermediate state resonance effect (ISRE) for non-degenerate TPA. We 
implemented the non-degenerate Sum-Over-States expression into our SOS program in order to 
calculate the resonance enhancement of the TPA cross-section. We are also in the process of 
developing size-consistent theoretical methods to investigate the conjugation-length dependence 
of TPA. 
6) Two-photon Characterization of Materials from AFRL and UCSB: We have 
performed extensive meaurements of the one- and two-photon optical properties of 
paracyclophane linked bi-chromophore two-photon materials that were synthesized by Gui 



Bazan's group at UCSB and of two AF two-photon dyes and a platinum polyyne compound 
synthesized at AFRL. 

Important Accomplishments/Impact: 
1) Calculated trends for the two-photon cross section give a guide for the design of optimized 

two-photon chromophores. Preliminary calculations performed on chromophores from Kevin 
Belfield's group at CREOL indicate that optimization of the non-degenerate photon energies 
can lead to an enhancement of the cross-section for the lowest TPA peak by an order of 
magnitude. 

2) Calculations of aza-crown-ether substituted distyrylbenzenes complexed with Mg* ions 
indicate that there occurs a significant reduction in TPA cross-section as well as a blue shift 
of the lowest energy band with regard to the uncomplexed system. These findings are fully 
consistent with the experimental results from the Perry Group. The theoretical results are 
being used to design new ion sensing chromophores as well as to assess the impact of the 
functionalization of TPA chromophores. A manuscript on this topic has been submitted to 
JACS. 

3) The calculated TPA cross-sections for degenerate and non-degenerate processes are in 
excellent agreement with the experimental data coming from the Van Stryland Group at 
CREOL, University of Central Florida. Nondegenerate TPA provides for a resonance 
enhancement of TPA cross-sections by a factor of three to four in D-TI-A and D-TI-D fluorene 
derivatives. According to a simple analysis based on the three-state model, the detuning 
energy between the one-photon transition energy and one of the fundamental photon 
frequencies is here the crucial quantity responsible for the intermediate state resonance 
enhancement (ISRE). 

4) Centrosymmetric branched structures with a D-A-D motif show a very large effective two- 
photon cross section (33,000 x 10"^° cm'^ s photon"') in the near IR (800 nm), which is an 
order-of-magnitude increase over the state-of-the-art for D-A-D compounds. These 
compounds offer very strong optical limiting properties in the near IR spectral range. 

5) Chromophore coated nanoparticles (with both A-TI-A and D-7t-D dyes) show a huge per 
particle cross section of about 200,000 x 10'^° cm"* s photon"\ which is a linearly additive 
contribution from the dyes. We have learned that two-photon plasmon resonance coupling 
doe s not lead to large enhancements of the dyes propertied when coupled to individual 
nanoparticles. This has resulted in a new strategy for improved resonance coupling to the the 
plasmons and potential enhancement of the dye two-photon properties. A paper on this work 
has appeared in JACS and others will be submitted. 

6) The highly soluble two-photon dyes with large two-photon cross sections have been 
developed in order to maximize the optical limiting performance in device application. The 
optical limiting response has been shown to scale with the dye concentration. These 
compounds have been sent to Dr. Paul Fleitz for device related testing at Wright Laboratory. 

7) Sudies on the paracyclophane linked bi-chromophore two-photon materials that were 
synthesized by Gui Bazan's group at UCSB show that the two-photon properties are roughly 
additive in the number of coupled units and that the excitonic coupling of the two-photon 
states is much smaller than that for the one-photon states, which we attributed to reduced 
transition dipole coupling for the two-photon states.  The 5-ring and 7-ring dyes linked by 



paracyclophanes show very broad and strong two-photon absorption covering a very large 
bandwidth of 150 nm in the near-IR. A manuscript on this work has been submitted to JACS. 

Organic Photovoltaic/Photoconducting Materials 
Progress: 
1) We have demonstrated solar cells with discotic liquid crystals materials that show good 

transport characteristics. 
2) A reduction in series resistance was observed upon transition from the isotropic phase to the 

columnar discotic phase for a copper phthalocyanine discotic liquid crystal former. 
3) Soluble semiconductor quantum dots have been synthesized and doped into organic 

photoconductors with matched energy levels. 
8) We have demonstrated photorefractivity at 1.5 micron using two-photon sensitizer. 

Important Accomplishments/Impact: 
1) A proof of concept demonstration of an organic photovoltaic cell has been performed. There 

is potential for light-weight deployable solar cells on plastic substrates that are 
environmentally friendly. 

2) Fabricated CdSe and PbS sensitizers with red and infrared response. CdSe QDs in a 
photorefractive polymer composite showed, for the first time, overmodulation of the 
diffraction efficiency and response times < 100 ms. There is potential application in real time 
signal processing in the near infrared. 

3) Two-photon photorefractive materials at 1.5 microns have allowed for the demonstration of 
nondestructive read-out and image reconstruction experiments. 

A detailed account of the progress in two-photon materials and a summary of statistical 
information from this program are provided below. 



Materials for Optical Limiting in the Near-Infrared Spectral Range 

Various chromophores were screened as possible optical limiters in the 690-860 spectral 
range. Most of these chromophores are constituted by a phenylene-vinylene conjugated 

backbone and are symmetrically substituted with electron donor and/or acceptor groups. The 
materials were tested in solution (typical concentrations: 10"^ - 10"^ M), using cuvette of 1 cm 
pathlength. The excitation was provided by a tunable optical parametric oscillator pumped by a 
Q-switched Nd:YAG laser. The laser pulses produced have a duration of approximately 6 ns and 
a repetition rate of 10 Hz. The optical set-up had approximately an f/100 focusing geometry and 
the laser beam was collimated into the sample. For all the molecules studied, the mechanisms 
believed to be involved in the limiting response are two-photon absorption followed by excited 

state absorption or other resonant multi-photon absorption processes. 

A brief summary of the results obtained is given below.   The values of the nonlinear 

transmittance (Tniin) reported are given by the ratio of the transmittance measured at the highest 

incident energy investigated (900-1000 ^J) to the linear transmittance. 
Compound #41: 

Results for a 9.6 x 10"^ M solution in toluene: 

Xexc=  730 nm: Tniin=   0.79 

750 nm: 0.82 

775 nm: 0.88 

Results for a 9.1 x 10"^ M solution in toluene: 

Kxc=  730 nm: Tniin =   0.50 

760 nm: 0.45 

From the results on the second solution above, it has to be noted that the limiting response for 
this molecule is more significant at 760 nm than at 730 nm, even if the two-photon cross sections 
is larger at 730 nm (900 GM vs. 600 GM)[Rumi, 2000 #165], clearly indicating that other 

phenomena are involved in the material response to this type of excitation. 
Compound #122: 
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H9C4-0 

Results for a 1.2 x 10"^ M solution in toluene: 

Xexc=  800 nm: Tniin=   0.73 

830 nm: 0.77 
Compound #123: 

Q 

H9C4-0 

Results for a 9.7 x 10" M solution in toluene: 

Aexc - 730 nm: ■I nlin — 0.91 

750 nm: 0.83 

775 nm: 0.78 

'-C4H9 

0-C4H9 

-C4H9 

0-C4H9 

Results for a 8.5 x 10' M solution in toluene: 

A-exc =  730 nm: 

760 nm: 
Compound 126: 

Tnlin =      0.58 

0.46 

P4H9 

C4H9 

Results for a 7.8 x 10" M solution in toluene: 

?.exc=  800 nm: TnUn=   0.81 

830 nm: 0.67 

860 nm: 0.80 

This molecule seems to have the largest limiting behavior, in the intensity range investigated, 
at the same wavelength at which the two-photon peak is observed. [Pond, 2002 #1057] 
Compound ThiopheneBSB: 
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ei^is 

Results for a 0.15 M solution in toluene: 

^exc =  690 nm: 

730 nm: 

Tnlin =    0.65 

0.74 
Compound 411: 

Results for a 7.8 x 10'^ M solution in dichloromethane: 

Aexc =  800 nm: 

830 nm: 

T„Un=    0.70 

0.86 

The nonlinear transmission responses of 41 and 123 at 760 nm are compared in Figure 1 below. 

100 

Energy {\xJ) 

Figure 1. Intensity dependent transmission data for compounds 41 and 123 at 760 nm in toluene 
solution. The concentration of the solutions was: 0.091 M for 41 and 0.085 M for 123. 
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As can be seen in the figure, both compounds exhibit rather strong nonlinear absorption, which 
due to two-photon induced excited state absorption. 

The nonhnear transmission responses of 411 and 122 at 800 nm are compared in Figure 2 below. 
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Figure 2. Intensity dependent transmission data for compounds 411 and 122 at 800 nm in 
dichloromethane and toluene solution, respectively. The concentration of the solutions was: 
-0.008 M for 41 and 0.12 M for 122. 

It should be noted that the concentration for dye 411 is about an order of magnitude lower than 
for dye 122 and yet the nonlinear transmission responses are quite similar, with the response of 
411 being slightly stronger. The effective two-photon absorption cross section derived for 411 
is about 33,000 cm"^ s photon'^ which is an order of magnitude larger that for other two-photon 
dyes that we have examined in this spectral range. 
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Characterization of Two-Photon Absorbing Materials: AFRL and UCSB dyes 

During the course of this program, we measured the two-photon excitation spectra and 

determined the two-photon absorption cross sections of chromophores developed in other 

research laboratories. Described below are the results on: 
1) Three chromophores obtained from Paul Fleitz at the Wright Patterson Air Force Research 
Laboratory; two of these chromophores contain donor and acceptor groups linked through a 
conjugated bridge in a linear or trifold symmetric arrangement while the third chromophores is a 
platinum-containing poly-yne. The main goal of this investigation was the extension of the 
characterization of these molecules to a wide wavelength range (715 - 890 nm), as only their 
two-photon properties around 800 nm have been previously reported; 
2) Five chromophores synthesized in the group pf Prof. Guillermo Bazan at the University of 
California, Santa Barbara. Three of these molecules are constituted of two donor-substituted 
phenylene-vinylene oligomers linked in their central portion thorough a [2.2]paracyclophane 
unit; the other two molecules are linear counterparts to the paracyclophane chromophores. The 
purpose of the work was the comparison of the spectroscopic properties of the linear and dimeric 
chromophores and the investigation of the interaction between the two arms of the dimer through 
the paracyclophane unit. 

1) AFRL dyes 

The molecules we received from the Air Force Research Laboratory at Wright-Patterson are 

the following: 

1)  AF240 (linear D-Ti-A chromophore, with D = diphenyl-amino and A = benzothiazole): 

AF240 

2) AF350   (three arm D-A3 chromophore with a central N atom and three identical units 

attached to it, each containing a conjugated bridge and a benzothiazole acceptor): 

AF350 



3) PE2 (a platinum containing poly-yne, whose exact structure has not been provided to us at 

the time of the measurements; since then a paper on the photophysical properties of this and 

other Pt-containing oligomers has been published^ and the structure reported there is as 

follows): 

PBU3 

Linear Specroscopy 

UV-Visible absorption spectra were recorded on a Hewlett Packard 8453 diode array 

spectrophotometer. Corrected fluorescence spectra were collected on a Spex Fluorolog-2 

spectrofluorimeter. Quantum yields, T], of dilute solutions were determined using quinine 

bisulfate in 1 N H2SO4 (// = 0.55) or bis-o-methyl-styrylbene (;; = 0.94) as reference compounds. 

Figs. 1 and 2 display the absorption and fluorescence emission spectra of compounds AF240 

and AF350. The measurements were performed in toluene and in tetrahydrofuran (THF). The 

absorption band peaks at 393-394 nm for both AF240 and AF350. In either case, the shape and 

strength of the absorption band are very similar in toluene and THF (see also Table 1). The 

fluorescence spectra, instead, exhibit a solvent dependence, with the spectrum in THF being less 

structured and red-shifted with respect to the one in toluene. Some discrepancies have been 

observed with the results reported in the literature on these molecules. In particular, our estimate 

~Abs. in tnltienc 
-Ahs.inTIlF 

■Jlmr. in toluene (e.KC^360nm) 
Fluor. In toluene (exc=375nm} 
Fluor, in THF (exc=360nm) 
Fluor, in THF (exc=375nm) 

450       500       550 

Wavelength (nm) 

Fig. 1:  Absorption and fluorescence emission 
spectra of AF240 in toluene and THF. 

~Abs. in toluene 
-Mv.inTHF 

~ f'liior. In toluene (exc~360nm} 
• Fluor, in toluene (exc=375nm) 
-Fluor, in THF(exc=360nm) 
-Fluor. InTHF(exc=37Snm) 

I I I I I [ I I I I I I I I I I I I I I I I I 

450       500       550 

Wavelength (nm) 

Fig. 2;  Absorption and fluorescence emission 
spectra of AF350 in toluene and THF. 

of the extinction coefficient for AF350 is much lower than the one in He et al.  (as obtained from 
1-4 inspection of the spectrum in Fig. 2 of that paper, which refers to a concentration of 1 x 10" M). 

Our measurement has been repeated more than once on solutions with concentrations in the 
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range 10"^ - lO"'* M (a 0.1 cm cuvette was used for the higher concentration solutions). It has to 

be noted that, if our estimate (~ 1.5 x 10^ M'' cm"') is correct, £inax for AF350 is roughly three 

times that of AF240, which seems reasonable in view of the structure of AF350 (even if each 

arm of AF350 contains one additional phenylene with respect to AF240). Both molecules are 

highly fluorescent in toluene as well as in THF {T] > 0.8). 

The absorption spectrum of PE2 (Fig. 3) shows a peak at 352 nm in toluene, with an e^ax of 

8.8 X 10'* M"' cm'\ effectively the same as the value reported in benzene,^ but about 14% larger 

than in THDF (see Table 1).'* This molecule is very weakly fluorescent: ;; ~ 0.0014 (the 

uncertainty in this value is about 20%). PE2 shows a peculiar emission spectrum, with two 

distinct bands: one peaking at 386 nm and the other around 524 nm, both with vibronic structure 

(Fig. 3). Except for the relative intensity of the two bands, the spectrum in Fig. 3 agrees with the 

one reported by Rogers et al} Emission spectra with similar features have been previously 

observed in conjugated molecules containing heavy metals and have been interpreted as the 

emission from a singlet state (SO and a triplet state (Ti), with the triplet emission appearing at 

longer wavelengths.^'^ In the case of PE2, the singlet peak area represents 70% of the total 

emission. The value of ;; given above and in Table 1 refers to the total emission (singlet + 

triplet). It has to be pointed out that in our measurement, the solvent was not de-oxygenated, and 

thus it was not possible to estimate the triplet yield.    The excitation spectra obtained by 

1111111 111111 

Ah.uin>linii liuinti.) 

Fluorescence - exc^^IOnm 
Fluorescence ■ cxc-i40nin 

1.2 

0.4 

0.2 

450       500       550 

Wavelength (nm) 

Fig. 3: Absorption (red) and fluorescence emission 
(blue and green) spectra of the platinum poly-yne PE2 
in toluene. The excitation wavelengths used for the 
collection of the fluorescence spectra are 330 nm (blue) 
and 340 nm (green). The valleys observed at 365 and 
380 nm in the two fluorescence spectra are due to over- 
subtraction of the solvent Raman band. 

325 350 375 

Excitation wavelenght (nm) 

Fig. 4: Fluorescence excitation spectrum of the 
platinum poly-yne PE2 (detection wavelength = 
415 nm) in toluene. The blue line is an 
interpolation of the actual experimental points 
(red). 

monitoring the emission at 415 nm (Fig. 4) and 525 nm are very similar (main peak at 360 nm, 

secondary peak at 320 nm) and resemble — but are not identical to — the absorption spectrum. 
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Table 1: Linear spectroscopic parameters for AF240, AF350, and PE2. Literature values, where 
available, are included for comparison. /l'"max = peak in the linear absorption spectrum; 8^3^. = 
extinction coefficient at /l*"max; -^ = peak in the fluorescence emission spectrum; r] = fluorescence 
quantum yield; (sh) = shoulder in the absorption or fluorescence spectrum. 

Compound Reference      X^^micK 6nax ^ V 
(nm)       (M'^ cm'^) (nm) 

AF240 (toluene)       this study 393 4.82 xlO"^ 439     0.87(a) 
317 460 (sh) 

AF240(THF) this study 393 4.54x10^ 478     0.87(a) 
317 

AF240(THF) ^ 391.5       ~ 4.4x10'* 479 

AF350 (toluene)       this study 394 1.45x10^ 445     0.82(a) 
350 470 (sh) 

AF350(THF) this study 394 1.56x10^ 491     0.80(a) 
350 

AF350(THF) ^ -400        2.7x10^ -480 

PE2 (toluene) this study 352 8.8x10'* 385      0.0014 
304 420(sh)      (b) 

524 
559 

PE2 (benzene) ^ 355 8.9 xlO'* 395       0.001 
PE2(THF) '^ 353 7.71x10'* 

(a) Excitation wavelength: 370 nm; quantum yield reference: quinine bisulfate in 1 N H2SO4 
(77 = 0.55). 

(b) Excitation wavelength: 330 and 340 nm; quantum yield reference: bis-o-methyl-styrylbenzene 
in cyclohexane {t] = 0.94). 

Two-Photon Spectroscopy 

The two-photon absorption cross-sections, d, were determined by a relative measurement using 

the two-photon induced fluorescence method.^ The reference standards used were fluorescein 

(in pH 11 water) and coumarin 307 (in methanol).^ The excitation source used for the two- 

photon induced fluorescence experiment was a Ti:Sapphire laser (Tsunami, Spectra-Physics), 

which generates -100 fs pulses at a repetition rate of 82 MHz. The excitation wavelength range 

covered in this study was 715 - 890 nm. The same experimental set-up as described in Beljonne 
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et al^ has been used in this study. The concentration for the solutions studied was in the range 7 

X 10"^ - 7 X 10'^ M. The two-photon induced fluorescence signal was collected at Xdet = 520 nm. 

A summary of the results is given in Table 2 and the complete two-photon spectra are 

displayed in Fig. 5 (AF240), Fig. 6 (AF350), and Fig. 7 (PE2). As expected, AF240 and AF350 

show a two-photon peak around 800 nm, that represents a transition into the same electronic state 

(Si) responsible for the linear absorption spectrum (i^^Ux ~ 2 i^'Ux)- However, in the case of 

AF350, large values of ^(up to 1000 GM) are observed also in the blue region of the spectrum 

(< 750 nm). The peak in this region is located at, or below, 715 nm, the shortest wavelength 

investigated. The two-photon absorption in this range could arise from the state responsible for 

the linear absorption at 350 nm. A state in this energy range is not visible in the linear 

absorption spectrum of AF240 and this molecule exhibits only one band in the two-photon 

excitation spectrum in the range investigated. Of particular interest is the fact that AF350 

exhibits relatively large two-photon cross sections {S> 200 GM) over a broad wavelength range 

(715 - 850 nm in THF). The complex characteristics of the two-photon spectrum of AF350 

clearly evidence the importance of investigations spanning over wide wavelength ranges. 

No significant solvent dependence is observed for AF240, while the lvalues for AF350 in 

THF are at least 20% larger than in toluene (but the ratio between the values in toluene and THF 

is not constant with wavelength). Our estimate of Sfox AF350 is about a factor of three larger 

than the one reported in the literature and obtained by z-scan measurements.^ At this point, the 

reason for this discrepancy is not clear, but it has to be kept in mind that the measurement of 

nonlinear optical properties of materials is still affected by relatively large uncertainties (about 

15% in our experiment). 

The results reported for PE2 in Table 2 and Fig. 7 are to be considered only a rough estimate 

of the two-photon cross section of this chromophore. Due to the very low quantum yield and the 

relatively small S{~ 20 GM), the two-photon induced fluorescence signal was very close to the 

detection limit of our instrument, even when the full power of the laser was used for the 

excitation. However, the results obtained are consistent with the presence of a state around 350 

nm (3.5 eV), as observed in the linear absorption spectrum. A second detection wavelength (400 

nm, in the singlet emission peak) was also used in the measurement on PE2. The results, which 

are included in Fig. 7, are smaller that those obtained for ^et = 520 nm (in the triplet emission 

peak). This could indicate that the ratio between the singlet and triplet emission is different after 

two-photon than after one-photon excitation or depends on the specific sample conditions (such 

as the amount of oxygen present). The results reported here were obtained assuming that the 

shape and relative intensity of the two emissions are unchanged and using the value of 0.0014 for 

the overall quantum yield.   The difference observed could also be due simply to the large 
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uncertainty in the measurements itself. Further experiments would be necessary to substantiate 

or modify these assumptions. 

Table 2: Two-photon spectroscopic parameters for AF240, AF350 and PE2. /I'^'max = peak of the 
two-photon induced fluorescence spectrum; ^ax = two-photon absorption cross section at ?> nax 
(values are rounded to the closest 5 GM). Fluorescein and coumarin 307 were used as standards. 
Results reported in the literature, where available, are included for comparison. 1 GM = 1 x 10''° 
cm"* s /photon-molecule. 

Compound       Reference ?^^^msa. S >l  max S 
(nm) (GM) (nm) (GM) 

Standard = fluorescein (*)       Standard=coumarin (*) 

AF240 (toluene)    this study 

AF240 (THF)        this study 

AF240 (THF) 

820 
800 (a) 

140 
120 

810 
800 (a) 

125 
115 

820 
800 (a) 

150 
130 

810 
800 (a) 

135 
125 

800 (b) 9800 
(NLT, 8 ns) 

820 
<715 
800 (a) 

310 
840 
330 

810 
<715 
800 (a) 

310 
540 
310 

820 
<715 
800 (a) 

455 
1035 
450 

810 
<715 
800 (a) 

430 
665 
420 

796 (b) 152 
(z-scan, 135 fs) 

810 (b) 37000 
(NLT, 7 ns) 

AF350 (toluene)    this study 

AF350 (THF)        this study 

AF350 (THF) 

PE2 (toluene) this study <715 -25 <715 15 

(*) Standard applies only to results from this study. 
(a) Not a peak (value given for comparison with literature). 
(b) Single wavelength measurement. 
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200 

700 750 900 800 
Wavelength (nm 

A AF240 (tol) - Coum.       o AF240 (THF) ■ 
A AF240 (tol) - Fl. 0 AF240 (THF) ■ 

Fig. 5:  Two-photon spectrum of AF240 in toluene (triangles) and THF (circles).  The reference 
TPA chromophores used were fluorescein (red symbols) and coumarin (blue symbols). 
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Conclusions 

The one-photon and two-photon properties of three chromophores synthesized at the Air 

Force Research Laboratory at Wright-Patterson have been studied. AF240 shows a two-photon 

absorption peak around 810 nm, with a cross section of about 150 GM. AF350 exhibits a peak at 

820 nm (S^ 450 GM) and another at, or below, 715 nm {S~ 1000 GM). As a result of the 

presence of these two bands, AF350 shows a relatively large two-photon absorption over a broad 

wavelength range. Both AF240 and AF350 are highly fluorescent in toluene and 

tetrahydrofuran, and show similar one and two-photon spectra in the two solvents. On the other 

hand, PE2 has very low quantum yield and low two-photon cross section {S~ 20 GM at 715 nm). 

2) Paracyclophane Linked Tvt^o-Photon Dyes 
The molecules characterized during this study are 6/5(1,4)-(4'-dihexylaminostyryl)benzene (3R), 
tetra(4,7,12,15)(4'-dihexylaminostyryl)[2.2]paracyclophane (3RD), bis(l,4)-(4"-(4'- 
dihexylaminostyry])styryl)benzene (5R), tetra(4,7,12,15)-(4"-(4'- 
dihexy]aminostyryl)styryl)[2.2]paracyclophane (5RD) and tetra(4,7,12,15)-(4"'-(4"-(4'- 
dihexylaminostyryl)styryl)styryl)[2.2]paracyclophane (7RD) and are depicted in Fig. 8. 
Quantum chemical calculations on these chromophores were performed by Sergei Tretiak, at the 
Los Alamos National Laboratory using the time-dependent Density Functional Theory 
technique, interfaced with the Collective Electronic Oscillator program. A manuscript 
describing the results of this study has been submitted to the J. Am. Chem. Soc. 

Hex2l 

Hexjl 

l(Hex)2 

l(Hex)2 

3Rn 5Rn 7RD 

Fig. 8: Molecular structure of the two-photon chromophores synthesized by Prof. G. Bazan's group at the 
University of California, Santa Barbara. 

Linear Spectroscopy 
The absorption and emission spectra of the linear and the corresponding paracyclophane (pCp) 
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dimer compounds were measured in toluene. Fig. 9 shows a comparison of spectra for 3R and 
3RD. Note the red-shift of the absorption maximum of 3RD relative to 3R (439 nm vs. 412 nm, 
respectively). Also, a second smaller peak appears in the absorption of 3RD at ~ 385 nm. This 
"Davydov-like" splitting has been observed previously in (4,7,12,15)tetra(4-r- 
butylstyryl)[2.2]paracyclophane, another dimer in which oligophenylenevinylene segments are 
joined via their central rings in a crisscross fashion.'' The emission maximum of 3RD is also 
red-shifted relative to that of 3R (490 nm vs. 453 nm, respectively). 
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Fig. 9: Absorption and emission spectra of 3R anci 3RD in toluene. The emission spectra were obtained 
by exciting at the corresponding absorption maxima. 

The trends observed in the three-ring compounds are repeated in the five ring models (Fig. 10). 
The absorption of 5RD is red-shifted by 22 nm (0.14 eV) relative to 5R (457 nm vs. 435 nm 
respectively). The absorption spectrum of 5RD also shows a shoulder at ~ 400 nm although it is 
less pronounced than the splitting in the 3RD spectrum. The emission of 5RD is also red-shifted 
relative to 5R (510 nm vs. 485 nm, respectively). Note the red-shift in the absorption of 5RD VS. 

3RD of 18 nm (0.11 eV). As expected, increased chain length leads to increased conjugation. 
The absorption spectrum of 7RD, however, reveals a maximum at 454 nm, approximately the 
same as 5RD- It seems that the saturation value for the energy of the lowest excited state is 
reached for a chain length of five rings. Recent experimental studies suggest longer saturation 
lengths in oligophenylenevinylenes structurally similar to the molecules in this study. Torsional 
disorder may restrict the conjugation to five repeat units or the influence of the donor 
substituents on the energy of the lowest one-photon band may be diminished for the longer chain 
lengths. Studies of the absorption properties of these chromophores as a function of solvent and 
temperature, as well as studies of related compounds with, for example, different donors should 
be conducted to ascertain the origin of this effect. 
All of the compounds in this series exhibit a high fluorescence quantum yield in toluene (rj in 
Table 3; the quantum yields were determined relative to 9,10-diphenylanthracene in degassed 
spectral grade cyclohexane'^). There appears to be a small decrease in rj going from the linear to 
the dimer models. This decrease is consistent with an increased number of torsional degrees of 
freedom. 
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Fig. 10:   Absorption and emission spectra of a) 5R, 5RD and b) 7RD in toluene. The emission spectra 
were obtained by exciting at the corresponding absorption maxima. 

Table 3:   Summary of spectroscopic data for linear and pCp-based chromophores (in toluene). The 
theoretical TDDFT results are given in parentheses. 

Compound ^   max 
(nm) (nm) 

Tl Emax 
(M-^ cm-^) (a) 

EiNT 
(M-^ cm"^) (b) 

Mge 
(D)(c) 

3R 412 (405) 453 0.89 8.28 X lO'* 3.35 X 10^ 11.3(13.8) 

3RD 439 (434) 490 0.86 1.04x10^ 6.67 X 10^ 16.4 (20.3) 

5R 435 (460) 485 0.92 1.27 X 10^ 5.40 X 10^ 14.7 (17.3) 

5RD 457(480) 510 0.87 1.92x10^ 1.02x10^ 20.7 (28.5) 

7R (484) (21.2) 

7RD 454 (495) 506 0.75 2.38 X 10^ 1.31 X 10^ 23.3 (32.1) 

(a) Emax: peak extinction coefficient. 
(b) EINT: integral of the extinction coefficient over the main absorption band (je(a))c?co, with (O expressed 

in wavenumbers). 
(c) Mge (in Debye, D): transition dipole moment between the ground state {g) and the first excited state 

(e). See text for the definition of state e in the case of the dimers. 

It is interesting to compare the strengths of the electronic transitions that give rise to the 
absorption bands. The extinction coefficients at the peak of the absorption band (emax) are 
reported in Table 3. It can be seen immediately that, although £max increases on going from a 
given linear molecule to the corresponding crisscross dimer, the magnitude of the increase is 
different for the 3-ring and 5-ring systems (EmaxCSRo) / emax(3R) = 1.26 and EmaxCSRo) / emax(5R) 
= 1.51). This is due to differences in the shape of the absorption band amongst both the linear 
molecules and the dimers. The relative intensity of the two resultant peaks of the Davydov 
splitting for the dimers also varies in the series. In order to take into account the contributions 
from both components, the extinction coefficients have been integrated over the entire absorption 
band (EINT = le((o)c?(o); this quantity is proportional to the oscillator strength of the electronic 
transition'^).  The results are included in Table 1 and show that EINT approximately doubles on 
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going from the linear to the crisscross molecules (eiNT(3RD) / EINTCSR) = 1.99 and 8INT(5RD) / 
eiNT(5R) = 1.89). These results suggests that the contributions to the oscillator strength from the 
two molecules in the crisscross dimers are additive and that the interaction of the two molecules 
results only in a redistribution of the overall absorption strength over the two components of the 
splitting of the electronic band. 
For the linear molecules, the absorption band is due to the electronic transition between the 
ground state, g, and the lowest excited state, e. The corresponding transition dipole moment, 
Mge, can be evaluated easily and is included in Table 3. A similar approach can be used for the 
crisscross molecules if, for the moment, we assume that the overall absorption band is due to a 
single electronic transition. The values of Mge found in this way appear to increase with chain 
length. This trend agrees well with previous results for donor-Ti-donor oligophenylenevinylene 
derivatives.' Specifically, in the molecules studied here Mge increases approximately with the 
square root of the total number of double bonds (counting with each phenyl ring as 1.5 double 
bonds). 
The quantum chemical calculations reproduce the linear absorption spectra accurately, in 
particular the red-shift of the absorption maximum of 3RD and 5R, compared to 3R. However, 
the absorption of 7RD is red shifted by -0.2 eV in the TDDFT calculations, compared to the 
experiment. This discrepancy can be ascribed to geometrical distortions of the molecular 
backbone, which could limit the effective conjugation length or to an overestimate of the exciton 
delocalization with the TDDFT approach. Another feature that can be observed in both 
experimental and theoretical linear absorption spectra of the dimers is the strong Davydov 
splitting of the lowest electronic transition, due to the electrostatic interaction between the 
monomer transition dipoles and to the strong electronic exchange through the paracyclophane 
core upon dimerization (3R vs. 3RD, 5R VS. 5RD, and 7R vs. 7RD). In particular, this electronic 
delocalization leads to an overall red-shift of the absorption band and to the appearance of both 
Davydov components in the linear absorption spectrum. This can be acribed to the fact that the 
lowest excited state of the linear chormophores (of Bu symmetry) is expected to split into two 
components, one of B2 and one of B3 symmetry (both one-photon allowed), due to the coupling 
of the two chromophores in the dimer and their relative orientation. We calculate splittings of 
0.24, 0.17, and 0.12 eV in the spectra of 3RD, 5RD, and 7RD, respectively, which we attribute 
mostly to dipolar interactions. The splitting decreases in the large dimers, since these have a 
reduced density of the excitonic wavefunction at the paracyclophane contact point, and, 
therefore, have a smaller interchromophore interaction. 

Two-Photon Spectroscopy 
The two-photon absorption cross sections (5) were determined by the two-photon induced 
fluorescence method using both femtosecond (fs) and nanosecond (ns) pulsed lasers as excitation 
sources.''^ The reference standards used in this case were fluorescein (in water, pH 11)^ andp- 
bis(o-methylstyryl)benzene (in cyclohexane).''*''^ The two-photon spectra of the chromophores 
investigated are displayed in Fig. 11 for excitation wavelengths in the range 650 - 910 nm. It 
should be noted that the agreement between the fs and ns data, in their overlap region, is very 
good for molecules 3R and 3RD, but less so for the other molecules. However, the data show the 
same trend in all cases (for example, the 5 value is larger at 730 nm than at 750 for 5R and 7RD 

according to both the ns and fs results). In addition, it has to be noted that, for an uncertainty of 
about 15%, only in the case of 7RD the ns and fs data lie outside each other's error bar (but they 
are within 2 standard deviations from each other).   At present, the origin of the discrepancy 
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between the ns and fs data is unknown. However, the conclusions drawn from the data reported 
in this work are not sensitive to this uncertainty (at most a factor of 1.5). The ns measurements 
could even be affected by a larger uncertainty because they were conducted at lower intensities 
than typically used in our laboratory (by a factor of 4 or 5). This was necessary because, at some 
excitation wavelengths, deviations from the expected dependence of the signal on the square of 
the laser intensity were observed at the intensities normally used for other molecules. These 
deviations indicate the onset of other effects that can occur after the molecules are excited, for 
example excited state absorption, photoionization or other processes that slow down the ground 
state recovery, thus reducing the number of times each molecule can be excited during a single 
pulse. 

The spectra of compounds 3R and 3RD show only one peak (around 720 nm), while the 
other compounds clearly show two peaks, one around 720 nm, the other around 810 - 830 nm. 

The position of the two-photon peak at the longest wavelength (corresponding to the lowest 
energy transition and indicated as peak i in Table 4) moves to the red with increasing chain 
length for the linear molecules or the dimers, even if the shift is relatively small going from 5RD 

to 7RD, suggesting that the energy of the two-photon state has reached a saturation value for 
these compounds. A similar phenomenon is observed in the position of the linear absorption 

maximum, as described in the previous section. 
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Fig. 11. Experimental and theoretical two-photon induced excitation spectra for: a) 3R, b) 3RD, C) 5R, d) 
5RD, e) 7R, and f) 7RD. Experimental results: (triangles) fs measurements using fluorescein as standard; 
(open squares) ns measurements using fluorescein as standard; (open circles) ns measurements using 
fc(5(methylstyryl)benzene as standard. Theoretical results: solid line. 

Overall, the data in Table 4 show that there is an increase in the value of 6 for peak i (6,) with 
increasing chain length and in going from a linear molecule to the corresponding dimer. 
Moreover, the 5 value for peak ii (6,;) increases going from 5R, to 5RD and to 7RD. In fact, for 
7RD, peak // is the strongest two-photon peak (5„ > 5,). If the one-photon state is taken to be the 
intermediate state in a simplified Sum-over-States (SOS) description,^^ the large values for 6,,- 
can be explained partly by the smaller energy detuning term (~ 1.0 eV) for the two-photon state 
involved in this transition with respect to the one responsible for peak / (1.2 - 1.3 eV). 
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When comparing the results for the Hnear molecules and the corresponding criss-cross dimers, it 
is immediately apparent that, in contrast to the linear spectra, the general features of the two- 
photon spectra are similar (one peak at the same wavelength in the 3-ring case; two bands in 
approximately the same position in the 5-ring case). The peak 5 value increases in going from 
the linear to the criss-cross case, but the ratio is significantly larger in the 5-ring case 
(5;(3RD)/6,(3R) = 1.6; 6,(5RD)/8,(5R) = 2.4). However, closer inspection of the shape of the 
spectra indicates that band of 3RD is broader than that of 3R, while the width of peaks i in 5R 
and 5RD are similar. Accounting for a different band shapes leads to an effective increase of the 
ratio for the 3-ring case (see below). The broadness of the band in 3RD could be due to the 
presence of two unresolved components of the main transition, a result of Davydov splitting due 
to the coupling between the two chromophores that constitute the dimer, similar to what was 
observed in the linear absorption spectra. This type of splitting is actually predicted by the 
quantum chemical calculations, but it is found to be small. 
We can thus conclude that the two-photon cross section of the crisscross dimer is approximately 
twice that of the corresponding linear molecule. An increase of similar magnitude was observed 
for eiNT- In a SOS description, this suggests that the values of 5 are primarily determined by the 
transition moment between the ground and the first excited state (Mge) and that there are only 
small differences in the other transition moments involved. 
To compare more precisely the experimental spectra with the results of the quantum chemical 
calculations, it would be useful to separate the contributions of peak i and ii (due to the 
broadness of some of the peaks, the position and the magnitude of the maximum can be affected 
by the adjacent band). We thus performed a fitting of the experimental spectra using a 
superposition of two Gaussian band shapes. Although the results are necessarily approximate, 
they provide some insight into the spectroscopic properties of these chromophores. Gaussians 
were chosen as fitting curves for their simplicity, even if the shape of some of the experimental 
bands were not symmetric. Even with such approximations the resulting fits are in good for all 
the molecules. For completeness, a similar fitting procedure was performed on compounds 3R 
and 3RD, but using only one Gaussian component. Table 5 lists the significant fitting parameters 

Table 4: Two-photon absorption parameters for the lowest (i) and highest {ii) energy peaks.(a) 

Compound       X/^^ (nm) (b)       5,(GM)(c)      hf^\nm)(h) 5,-,-(GM) (c) 

3R 720 (715) 870 (824) — 

3RD 720 (710) 1410(1615) 

5R 810 (845) 1450 (1345) 720 (735) 1230 (966) 

5RD 820 (817) 3430 (3036) 720 (734) 2210 (1938) 

7R (920) (1652) (828) (2013) 

7RD 830(894) 3890 (3730) 720 (828) 4910 (4390) 

(a) Theoretical results are given in parenthesis. Linewidths F = 2 (In 2)'''^ • a (where a's are the 
Gaussian widths from Table 4) have been used to estimate the theoretical magnitudes of the cross 
sections, except for molecule 7R, for which a linewidth of F = 0.15 eV has been used (see text). 

(b) A,'^^: position of the peak in the two-photon absorption spectrum 
(c) 6: peak two-photon absorption cross section (1 GM = 1 x 10"^° cm'' s/ photon-molecule); the 

uncertainty in 6 is of the order of 15%. 
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obtained by this method. 
It is immediately evident from these results that the width of the two-photon peaks / and // for the 
same molecule are rather different. Some differences are also observed from molecule to 
molecule. Consequently, it is more useful to discuss not the amplitudes of the Gaussians (So or 
maximum 5 values), but their areas, quantities that are related to the integrated two-photon 
absorption cross section for a given transition and could be compared more directly with 
theoretical predictions. Several conclusions can be drawn from the analysis of the band areas 
(Table 5). First, the area of the two-photon peaks increases by a factor of ~ 2 going from a linear 
molecule to the corresponding crisscross dimer. In particular: area(3RD) / area(3R) = 2.0, 
area(5RD,0 / area(5R,0 = 2.0. As suggested above, this indicates that the two-photon absorption 
cross section for this state is approximately additive in the two components of the dimer. 
Secondly, the ratio of the areas for peak / and peak ii decreases when going from 5R to 5RD and 
to 7RD: the ratios [area(/) / area(/r)] are 2.4, 2.1 and 1.8, respectively (note that the trend is not 
monotonic for the amplitudes of the bands). Thirdly, the area of peak i depends approximately 
linearly on chain length. The increase in the area of peak // with increasing length is instead 
super-linear. 
It is possible to estimate the transition dipole moments between the first excited state (e), and the 
two-photon state (e') corresponding to the peaks / or ii, Mee'(/) or Mee'(/0-^ The transition 
moments calculated in this way correspond to orientational averages of the actual molecular 
transition moments. Table 5 includes the transition moments obtained if the fitting results are 
used as peak position, amplitude of 5 and width of the peak. It can be seen that the transition 
moments Mee' are similar for a given linear molecule and the corresponding crisscross dimer (10- 
11 D for the 3-ring compounds, and 15-16 D for peak i for the 5-ring ones). This confirms the 

Table 5: Fitting parameters for the two-photon spectra. 

* Eo a area Mee' 

Compound (GM)" (eV)" (e\)" (GMxeV)^ (D)^ 

3R 805 1.723 0.075 107.0 11.0(10.1) 

3RD 1320 1.704 0.093 217.7 9.5 

5R peak / 1456 1.550 0.119 305.9 15.9 (12.0) 

peak // 1149 1.736 0.062 126.3 7.8 (6.5) 

5RD peak i 3261 1.536 0.107 615.9 14.6 

peak // 2001 1.729 0.084 299.4 7.6 

7RD peak / 3671 1.543 0.144 939.8 16.2 

peak // 4039 1.736 0.075 533.5 9.1 

" Each spectrum was fitted using two Gaussian curves of the type: 6 (E) = 5o exp [-(E- EQ) /a ^], 
where E is the photon energy (expressed in eV), 8o is the amplitude of the Gaussian, Eo is the 
position of its maximum, a is the width of the Gaussian (defined as the point at which the value 
is reduced to 1/e of the maximum), and 5(E) is the value of 5 at energy E. 

*    Area of each Gaussian curve, defined by: 8o x a x 7cl/2. 
"^    Transition dipole moments for the transition between state e and the two-photon state e' 
(corresponding to peaks / or ii) as determined from eq. 9 of ref '. The theoretical results for 
transition dipoles are given in parentheses. 
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observation that the molecular parameter most strongly affected by the topology of these 
chromophores is Mge, and not Mee'. Moreover, the value of Mee'(/) seems to saturate with the 
chain length for the longer compound 7RD. The transitions moments corresponding to peak ii 
are instead smaller than for peak i. 
Overall, the theoretical predictions are in close agreement with the experiment both for the 
energetics and the cross-sections in the two-photon spectra, especially when the linewidhts 
obtained from the fitting of the experimental data are used to define the bandshape in the 
calculated spectra. It is noteworthy that the quantum chemical calculations predict that 
dimerization affects weakly the two-photon states, whereas it produces a strong Davydov 
splitting and red-shift in the linear absorption. The second Davydov component cannot be 
resolved in the experimental two-photon spectra, but appears as a shoulder on the low energy 
side of the peak i in the theoretical two-photon spectrum of the smallest dimer, 3RD. 

Calculations estimate the splittings in the two-photon of 3RD, 5RD, and 7RD to be 0.09, 0.07, and 
0.05 eV, respectively. These energies are considerably smaller than those for the linear 
absorption case but follow the same trend as a function of chain length. These results indicate 
that intramolecular interactions through the pCp linkage strongly affect the Bu states but weakly 
perturb the Ag states, because of the transition dipole moments between Ag states are vanishingly 
small. This absence of strong interchromophore interactions for the two-photon absorption 
process in the dimer leads to a response that corresponds to additivity of the two monomeric 
units. 
Due to the increased activity and the relative position of the two-photon peaks, the spectra of the 
5R, 5RD and 7RD exhibit a broad bandwidth over which the cross section is large. Each of these 
molecules shows a strong two-photon absorption from about 700 to 850 nm, with a cross section 
over 700 GM for 5R, over 1000 GM for 5RD, and over 2500 GM for 7RD. This ~ 150 nm 
bandwidth of the TPA spectra allows for high flexibility in the wavelength used for excitation, 
which could be a useful feature for applications as two-photon excited fluorescence imaging and 
optical power limiting. The broad bandwidth may be of use, for example, in multi-probe 
imaging experiments, in that it gives one a better ability to find a common wavelength for 
excitation of different TPA dyes that have resolvable fluorescence bands, such that they can be 
simultaneously excited with a single laser wavelength, but can be imaged separately. 
Additionally, the spectral region of the TPA spectra of these chromophores overlaps very well 
with the tuning range of Ti:sapphire lasers, which are a preferred source for two-photon 
fluorescence microscopy. 

Conclusions 
A series of compounds in which two conjugated arms are connected through a pCp unit have 
been synthesizes and characterized as a way to study the electronic interaction between 
chromophores in a fixed spatial arrangement. The analysis of the linear and two-photon 
spectroscopic data reveals that the through-space delocalization influences one- and two- photon 
excitation processes differently. One observes a characteristic Davydov splitting of the 
monomer linear spectrum into two components in the linear absorption spectra of their respective 
dimers. In contrast, a splitting is not observed in the two-photon spectra of dimers, and the 
contributions of the monomers to the cross sections are simply additive. This difference can be 
rationalized by noting that the linear and two-photon absorption processes involve electronic 
states of different symmetry. Excited states of monomers with nearly Bu (odd) symmetry 
participate in the linear absorption, and near Ag (even) symmetry states participate in the two- 
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photon spectra. For the dimer states, which can be described as belonging to the D2 point group, 
the strongest bands in the linear absorption spectra originate from transitions to B2 and B3 states. 
The two-photon spectrum, however, contains essentially transitions to A and Bi states (the others 
being much weaker). The absorbed quantum of light induces changes of electronic density 
within each monomer. The electrostatic interaction between these induced charges leads to the 
splittings in the electronic spectra of dimers. For the B2 and B3 states of the dimer this 
interaction sums up leading to the large splittings observed in the linear spectra. In the case of 
dimer A and Bi states, the individual contributions cancels, giving rise to small splitting of the 
electronic states is small the two-photon spectra that are insensitive to the close proximity of the 
two chromophores. Study on a wider series of compounds would be necessary to assess whether 
the additivity in the two-photon cross section is characteristic of the chromophores studied here 
or is more general, and to determine how the observed properties depend on the building blocks, 
their connectivity and the symmetry of the overall structure. In the recent literature, reports can 
be found of cases where the two-photon cross section increases linearly with the size of a 
dendrimer or branched structure, as well as of cases where there is a super-linear increase. 
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