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Abstract

In order to understand the electronic mechanisms for the electric-field sensitive
second harmonic response of di-8-ANEPPS in biological membranes, we have measured
its nonlinear optical hyperpolarizability using a combination of Hyper-Rayleigh
scattering (HRS) and linear optical properties in solvent environments of various polarity.
Changes in the first hyperpolarizabilites are discussed by modeling experimental inputs
from the solvatochromic effect in linear absorption and appropriate dispersion relations
near the two-photon resonance. We find that both frequency dependent and frequency
independent effects make significant contributions to the response, and the strongest
response is on the low energy side of the two-photon resonance, while the weakest

response is on the high energy side of the two-photon resonance.
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Introduction

First developed by Loew and colleagues,' ? the fluorescent dye di-8-ANEPPS (4-
(2-[6-(dioctylamino)-2-naphthalenyl]ethenyl)-1-(3-sulfopropyl) pyridinium inner salt) as
shown in Figure (1), consists of a quaternized pyridinium electron acceptor moiety linked
by a n-bond to an amino substituted naphthalene electron donor.’ It has been extensively
used as a potential sensitive dye to probe, via linear and nonlinear optics, the electrical
environment in biological membranes due to changes in its optical properties as a
function of the local electric field. Considerable work has been done in order to
determine the mechanism of the nonlinear optical sensitivity and the mode of optimum
use of ANEPPS and other probe dyes.*!! Studies in Loew’s laboratory have shown that
electrochromism (Stark shift) is an important component of the dye response to potential

*'' The chromophore’s electron density is concentrated in the amino-

sensitivity.
naphthalene ring in the ground state and shifts to the pyridinium ring in the excited state;
this charge-shift couples with an electric field within a cell membrane, resulting in
electrochromism.

It has been found that probing membrane potential using second harmonic
generation is superior to fluorescence modalities because of the requirement for
noncentrosymmetric media leading to high membrane specificity and contrast, low

background, and high spatial resolution in deep scattering specimens.'*"

Recently, the
molecular orientation of di-8-ANEPPS and similar dyes in black lipid membranes

BLM)* and giant unilamellar vesicles (GUV)™ ° and its effects on potential sensitivity
g

have also been discussed using second harmonic generation. The potential response may



arise purely from electrically induced changes in the molecular -electronic
hyperpolarizability B, or by a combination of this and molecular reorientation by the
external electric field. Several papers have theoretically and experimentally discussed the
two-photon fluorescence or second harmonic sensitivity of ANEPPS and similar potential

120 1 particular, Pons and Mertz'® recently examined theoretically the Stark shift

dyes.
mechanism near the two-photon resonance.

In this paper, we seek to examine the purely electronic mechanism for electric-
field dependent second harmonic generation using solvent dependent optical properties.
To do so, we have carried out linear and nonlinear optical studies of the di-8-ANEPPS
dye in liquid solution. It is well-known that solvent polarity is closely related to the local
electric field surrounding a dissolved molecule.”) We use polarity-dependent solvent
studies of linear absorption and hyper-Rayleigh scattering in solution to probe the
spectral dependence of the sensitivity to the local environment. We also model this
sensitivity using a two-level model by including the spectral shift, changes in transition
moment, excited and ground state dipole moment difference, and spectral width as the
local electric field (solvent polarity) is varied. We model the relationship between first
hyperpolarizability, B, and linear absorption spectrum as a function of solvent polarity
and, by inference, local electric field. We find good agreement between the model and
the measurements. Our work suggests a cuvette-based linear optical technique for
estimating the sensitivity response of potentiometric dye candidates.

We note that while di-8-ANNEPS is not the only second-harmonic potentiometric
dye currently in use, we have chosen to study it here because of the large body of

literature on it, and because of its good solubility in a variety of organic solvents. We



believe that the results and conclusions found here are more generally applicable and we

plan further studies on other dyes to verify this.
Methods and Theory

Hyper-Rayleigh scattering (HRS) has been established as a powerful tool for
measuring the first-order electronic hyperpolarizability p.*** It involves illumination of
a sample in isotropic solution at frequency ® and detection of the scattered incoherent
second-harmonic photons at 2m. Since HRS does not involve the use of an external static
electric field, it can measure both polar and non-polar as well as charged and uncharged
materials,”* making it particularly appropriate for measurement of di-8-ANEPPS.

In order to obtain the hyperpolarizability  value for di-8-ANEPPS, an external
referencing method is used. A well-studied molecule, para-nitroaniline (pNA) is used as
the reference compound. The HRS intensity is measured as a function of concentration
for the di-8-ANEPPS and pNA under identical experimental conditions. Due to the
incoherent nature of the HRS process, for a two component solvent-solute system, the

HRS intensity can be written as a sum of the intensities from the solvent and the dye

25, _ 2 2 2 ~CN e :
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geometrical, local field and instrumental prefactor. The quantities N and N are

solvent solute

the number densities of the solvent and solute, respectively, and < _, °>> and

solvent

< ? > are the molecular hyperpolarizabilities squared and averaged over orientation

solute

fluctuations. The quantity /, is the intensity of the fundamental laser, and e” " is the

Beer—Lambert Law to account for the absorption of the HRS if the scattered light

wavelength lies in the absorption band of the dye solution. If we use A and B to substitute
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the wvariables in the above equation we obtain: A=GI;"N_,... < Boven > >

B=GI’<p

solute

*>, Thus: 1,, =(A+BN,_,, )e . By varying the concentration of

solute, in the limit of low concentration, the number density of the solvent N does

solvent
not vary appreciably so that we can obtain the concentration dependence by a fit of the

experimental data with intercept A, linear factor B, and extinction factor C. By

B <B.’>
comparing the data for pNA and the dye, we obtain: —2%= Py NA2 . With the
B dye < ﬂ dye >

knowledge of Bpna, the Baye can be easily calculated.

Since the di-8-ANEPPS chromophore is an asymmetric conjugated m-electron
system possessing a large hyperpolarizability in the charge-transfer direction, it might be
described using a one-dimensional, two-level model (TLM), originally developed by

Oudar and Chemla: *°
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(1)

Here 7 is Planck’s constant, @, the resonance frequency, Au = u, —u, the
difference in the dipole moment between the excited (e) and ground (g) states, and ,,

the transition dipole moment. As we show later, depolarization measurements do indeed
suggest that the chromophore is quasi-one-dimensional and, therefore, makes the two-
level model reasonably descriptive. Since we are carrying out measurements near the
two-photon resonance, an appropriate model for damping must be included to properly

describe the dispersion. In general, this implies that

B =B(20;00, A, 1,7 ) )



where the functional form is that which appropriately describes the broadening
mechanism depending on the broadening factor, .

The second harmonic sensitivity to local field is actually described by the EFISH,
or electric-field-induced second harmonic coefficient, a third order nonlinear optical
response function. However, direct EFISH measurements in solution or even in
membranes will yield both electronic (the quantity wanted here) and orientational
responses. In solution, the EFISH orientational response is much larger.

The electrochromic and solvatochromic response, that is the change in intensity

due to the change in the local field, for optical second harmonic generation can be

2
estimated from& = dg (‘ ;((2) E 2) , Where E,. is the local electric field that is, in the

loc

loc

case considered here, related to solvent polarity. The nonlinear optical susceptibility
¥ is proportional to the hyperpolarizability p so we can calculate the relative changes

of the amplitude of B as a function of local electric field, or the sensitivity as:

1A 2 dlp|
|ﬂ|2 dEloc |ﬁ| dEloc

. Eie can be expressed using F, a polarity indictor in solvents,

which is a function of solvent dielectric constant and refractive index:?’

—_— 2 —
Fln,e) =~ (51 4=¢

~— )y and & = 2, an empirical parameter, is taken as the
g &+2n" g +2¢

intermediate dielectric constant.
The sensitivity, or relative change in the amplitude of B as a function of polarity

(local electric field) can be written as:
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where barred denote mean values used to numerically evaluate the partial derivatives of

the analytical expression for | ﬂ|. Equation (3) provides a model for understanding the

mechanism for the electric field dependent second harmonic response (electronic
contribution to the electric field induced second harmonic generation, EFISH). We will
measure the left-hand side of Equation (3) directly using hyper-Rayleigh scattering in
solutions of various . We will compare these HRS measurements to the right-hand side

of the equation using solvatochromic measurements of linear absorption to determine the

0
F dependence of 4., ay, and v, i.e. e % or . The F dependence of A, aaA];u will

OF ~ OF 'OF

be determined from hyper-Rayleigh measurements and an appropriate model for f. The

factors on the right of the form —M} require an analytical model for dispersion of

1l @

P near the two-photon resonance as well as average values for parameters held fixed.
Models for the dispersion of fnear the two-photon resonance have been widely

discussed in the literature. This discussion basically centers on the appropriate description

of broadening near the resonance. The original model is based on a simple Classical

Damped Harmonic Oscillator (CDHO) introduced as @, = @, —iy , where B can be written

28
as
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Ref. [23] has shown that Equation (4) can be written analogously to the Oudar-Chemla

TLM:

2

3y, (@, i)’ “
hz [(wo_i7)2_wz][(wo_i7)2_4w2]

This model is generally taken to describe homogeneously broadened media, which is
clearly not descriptive of a complex molecule in liquid solution. Nonetheless, we will
compare this with other models below to show that under certain circumstances, it yields
a reasonable approximation.

Wang” has pointed out the inadequacy of Equation (5) in describing the
dispersion of £ near the two-photon resonance. The vibronic structure as the broadening
mechanism was introduced to better describe the dispersion. In order to describe the
dispersion in this way, the vibrational modes must be known in detail by, for instance,
using computational modeling of the experimental absorption spectrum and resonance

Raman excitation profiles.

In order to avoid the resonance Raman experiments and
computational modeling, Kelly ** has developed a semi-empirical approach using a direct
mathematical transformation of the linear absorption band shape to obtain the hyper-

Rayleigh dispersion, essentially a Kramers-Kronig transform relating the absorption

coefficient to the index of refraction. In this case, Kelly finds:

A y e, (200, + @)
2nch’ (o, —w) 2rc(w, +o)(o, +20)

P (R20,0,0) = + 7 (20)] (6)



Here Kelly has used @, as the average electronic transition frequency (averaged over the

vibronic states, which we take as identical to @y). The term ;((Za)) is the linear

susceptibility near the two-photon resonance. It is determined empirically as the
imaginary part is obtained from the linear absorption spectra, and the real part from the
Kramers-Kronig transform of the imaginary part. It should be noted that terms in the
energy denominator containing positive frequencies have been omitted since they do not
resonate at the frequencies in this experiment.

These two dispersion approaches will be used in the analysis of our data. Kelly’s
model will allow us to obtain accurate values for Az The CDHO model will provide a
reasonably accurate analytical description for evaluation of Equation (3) since Kelly’s
model cannot be used to evaluate Equation (3) as it is semiempirical, and, therefore, not

analytical.
Experimental

The samples of di-8-ANEPPS used in our study were both purchased from
Invitrogen, and synthesized by a procedure described by Loew and coworkers. The
synthesis started with the Bucherer reaction of 6-bromo-2-naphthol to give 2-amino-6-
bromonaphthalene. This aminonaphthalene was next reacted with 1-bromooctane to
afford the dialkylated 2-(N,N-dioctyl)-6-bromonaphthalene which was coupled to 4-
vinylpyridine using the palladium mediated Heck reaction. The resulting pyridine
functionalized product was alkylated on nitrogen with 1,3-propane sultone to give the di-
8-ANEPPS.

Figure (2) depicts the HRS experiment setup. A Q-switched Nd:YAG laser

(Surelite 11, Continuum) with a repetition rate of 10Hz and 7-ns pulse was used. The



1064nm laser output was followed by a frequency doubler and tripler to produce 355nm
light, which was used to pump an OPO to obtain a variable wavelength output. The laser
light passes through an analyzer and a Berek compensator set to A/2 retardation for the
fundamental wavelength. The compensator is mounted on a computer-controlled rotation
stage in order to adjust the polarization and intensity of the fundamental light. A small
fraction of the incident fundamental light is focused onto a quartz plate for monitoring the
fluctuations of the fundamental laser light so as to eliminate the shot-to-shot noise from
the signal. (Reference channel) The fundamental light is focused into the sample solution
in a square quartz cuvette (10x10 mm). The focal length is about Scm, with the HRS
signal collected at 90 degrees. In order to efficiently collect the second-order scattered
light, a large aperture aspherical condenser is used (focal length is 2.5cm). The collimated
light passes through a polarizer followed by a plano convex lens to focus the light into a
photomultiplier tube. (Signal channel) Depending on which second harmonic wavelength
is measured, a suitable color filter and an interference notch filter (10nm bandwidth) are
used to block the fundamental light. The polarizer in front of the detector is added to
measure the depolarization ratio of the Hyper-Rayleigh scattering in order to check the
dimensionality of the molecule. The depolarization ratios we measured are 0.28 £0.5 for
pNA and 0.24+0.03 for di-8-ANEPPS which agree with the expected value of a one-
dimensional molecule®* **. Hyper-Rayleigh scattering measurements were carried out at
five wavelengths: 800nm, 900nm, 976nm, 1020nm, and 1064nm. It was difficult to use
wavelengths beyond this range because of the competing signal from background
fluorescence. Appropriate wavelengths for measurement were determined from the

collected emission spectra that showed little competing fluorescent emission.
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In order to determine the hyperpolarizability B as a function of solvent polarity,
two solvents of different polarity, dimethyl sulfoxide (DMSO) and chloroform, were
mixed in various ratios. We found the two solvents to be completely miscible. The di-8-
ANEPPS was first dissolved in a stock solution of DMSO at a concentration of 0.1mg/ml
and then diluted to 0.02mg/ml into five solutions: A: pure DMSO solvent; B: 80%
DMSO and 20% Chloroform; C: 60% DMSO and 40% Chloroform; D: 40% DMSO
and 60% Chloroform; E: 20% DMSO and 80% Chloroform. Based on the refractive
index and dielectric constant data of DMSO and chloroform, these solutions form a series
of solutions of controlled polarity, as shown in Table 1. The dielectric constants and
refractive indices of mixtures in the table were calculated by assuming linear scaling by
fraction.

The emission spectra from the hyper-Rayleigh scattering experiments were
initially collected using a spectrometer outfitted with an intensified CCD camera detector
to verify in all cases (wavelengths and solvents) that the second harmonic signal was well
separated from any fluorescence emission. Following this, hyper-Rayleigh scattering
was measured at the appropriate polarization using photomultiplier tubes.

Para-nitroaniline (pNA) in acetone has been used as an external reference. Its
hyperpolarizability value at 1064nm is 24.5x10*esu *® and the Oudar-Chemla TLM was
used to extrapolate the  values at other wavelengths. This extrapolation is reasonable
because all of the wavelengths were far from the two-photon resonance where dispersion

must be more carefully considered.
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Results and discussion

Figure 3 shows the linear absorption spectra of the Di-8-ANEPPS in DMSO and mixtures
of DMSO and chloroform solvents. We can see the absorption spectrum shifts towards
the blue at higher polarity (higher DMSO content), which agrees with the spectroscopic
observation of similar dyes by Fromherz *.

From the linear absorption spectra, @, 4, , and y can be calculated for each

solvent and are plotted as a function of solvent polarity F in Figure (4). The electronic

transition frequency @, can be obtained from absorption peak. The transition moment 4,

can be calculated from the integrated molar absorptivity as:*®

2 _ clw
|22, :9.185x103nj%dw (7)

where n is the index of refraction, ¢ is the molar absorptivity in liters per mole per
centimeter, @ is the wavenumber in inverse centimeters and the transition moment is in
Debye. The vy is taken as the half-width at half maximum of the spectral transition, which

can be obtained from fitting of the absorption spectra, as explained later. A linear fit is

d|p|

d
dw, Hy We also plot F from hyper-Rayleigh scattering

used to obtain —~, and ﬂ
dF ~ dF dF

data for all wavelengths. Figure (4) shows the four plots and linear fits. The fits yield

d
do, =36500+7700, ﬁ=—16.9i2.1 andﬂ:5850i810. These results and a
'F dF dF

model for the dispersion of  allow determination of the last three terms on the right-hand

d|p]

side of Equation (3). We also determine the relative sensitivity— —— values for the

B dF

wavelengths 800nm, 900nm, 976nm, 1020nm, and 1064nm (respectively: -5.9+3.1,

12



-4.5+4.0, -9.0+3.8, —13.8+4.3 and —16.5+5.0). These values will provide the data
for the left-hand side of Equation (3).
In order to determine the first term on the right-hand side of Equation (3)

involving Ay, we need to determine Ay from the hyper-Rayleigh scattering data. To do

this, we plot the values of |ﬂ| at various wavelengths as shown in Figure (5). The

quantity Au is determined by fitting the data in Figure (5) to an appropriate model for the

dispersion of 5. We will fit to | ﬂ| as obtained by calculating the complex magnitude of

both Equations (5) and (6) using A as an adjustable parameter. The other factors in
Equations (5) and (6) are fixed as determined from the linear absorption data.

We show the fit to the absorption spectrum in pure DMSO as an example in
Figure (6) to both a standard Lorentzian shape and also to a log-normal function®”. We
see that the log-normal function appears to be a better fit. However, we have determined

Ap from both models. In order to obtain values of @y, 1. and y for calculating Ax from

Equation (5), we need to fit the absorption g(w) to a standard Lorentzian shape, 40

_ 2y
‘9(0))_‘4(&)_(00)2_'_7/2 (8)

where vy is the HWHM of the spectral transition, 4 a scaling parameter and @y is the

transition frequency. The transition moment 4, is calculated from Equation (7). Based

on this Lorentzian fit to the linear absorption spectrum, we use mean values of @y, fi.
and yas 20048cm™, 10.7D, 2114cm™ as the fixed parameters of the fit to £ in Figure (5),

using the CDHO model of Equation (5) , we obtain Ax of 20.2 D.
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In order to calculate Ay from Equation (6), we employ the fit of the absorption
data to the log-normal function,*’

w-a
b

£(w) =5 )2 for @ > a 9)

exp(—c”)exp{— % [In(

and

e(w)=0 for w<a (10)
where the parameters a , b, ¢ are related to resonant frequency @y and HWHM of the
spectral transition y by

®, = a+bexp(—c’) (11)
and

{exp[2c¢(2In2)"*]-1}
2exp[c(2In2)"?]

y =bexp(—cz) (12)

We calculate the imaginary part of the linear susceptibility ;((Za))

fromo,(w) = ;Lwlm[x(a))]. The real part of y(2w)needed to evaluate Equation (6) can
cn

be obtained using the Kramers-Kronig relationship:*' Re[ y(@)] = EP J Ma]a) "
/4

12 2
0 w

Using all of this in Equation (6), we find Ax of 13.0 D. We believe that this value for Au
is more accurate than that obtained from the CDHO model both heuristically, and
because of its agreement with previous results,'’ which listed an estimated Au of 14D.
Note that it is likely that the Ax and g for this dye are negative which cannot be
determined by hyper-Rayleigh scattering.” However, Equation (3) is insensitive to

whether or not Ay is negative. We carried out this procedure for all of the values of F
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from various solvent mixtures, with the results plotted in Figure (7). We note that we

found similar slopes in both models, but the more accurate value of Au from Equation (6).

Having all of the factors in the right-hand side of Equation (3) of the form of %,

we now must use an analytical expression for | ﬂ| to obtain the other factors. Kelly’s

semiempirical Equation (6) is not appropriate since there is no convenient and accurate

analytical expression for the real part of ;((2@) Therefore, we must use the CDHO

model. We note that the fits of Figure (5) do not clearly differentiate between the shapes
of the model (although the Au for the best fit is better for Kelly’s model). We will apply
the CDHO model, since it is analytic, and find that it is reasonable to do so.

Rewriting Equation (3) for the CDHO model of Equation (5), we obtain,

d 0
LA o 0 O, Py O
\B| dF A OF @, OF " oF ™M oF

(13)

where A and B are given in the Appendix. The bars denote that the average values of the
quantities (averaged over the various values corresponding to different F) are used in the
calculation. In Figure (8) the data points indicate the sensitivity of the second harmonic
intensity to a field as given by the left-hand side of Equation (13) and the results depicted
in Figure (4d). The curve in Figure (8) is obtained by evaluating the right-hand side of
Equation (13) and the results depicted in Figures (4a-c) and (7). We see that the data and
model agree without adjustable parameters. We conclude that CDHO model given in
Equation (13) is a reasonable description of the sensitivity of the second harmonic signal
to local field. The imperfect fit is likely due to inadequacies of the CDHO description

and the use of a two-level model, in general.
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It is interesting to ask how each term in Equation (13) contributes to the overall
sensitivity. Figure (9) depicts the contribution of each term to the sensitivity. First, it is
clear that the contribution of the broadening y is small, except perhaps near the
resonance. This might explain why the CDHO model yields reasonable results despite its
obvious shortcomings. Pons and Mertz'® concluded that the highest sensitivity is
obtained at the low energy side of resonance by only considering the Stark shift (third
term on the right-hand side of Equation (13)). We concur with this conclusion, but find
that the other contributions make this all the more dramatic. When considering the other
contributions that are constant in frequency, the sensitivity on the high-energy side is
minimal. It is clear that changes in the dipole moments with local field make significant
contributions to the sensitivity as also seen in Figure (9). We also note that our analysis
agrees well with trends of the sensitivities of similar dyes in biological imaging
experiments' " '°, given the difference in the absorption spectra between our solutions and
the biological environments. From the curve trend, at the fundamental wavenumber
~9000 cm™' (or at wavelength 1.1um), the relative sensitivity is maximal. We note that to
the extent that the two-level model of the imaginary part of the second
hyperpolarizability describes the sensitivity of the two-photon excited fluorescence
(TPEF) response', our results and conclusions can be applied to that imaging modality.
We note, however, that, in the mode of two-color fluorescence ratio potentiometric
imaging’, our model will not necessarily apply, as this modality implies that the
frequency shift will dominate and frequency independent factors will not contribute.

Finally, we can make some remarks concerning solvatochromism. In the

introduction, we indicated that the local field is closely related to the local electric field as

16



the relationship between solvatochromism and electrochromism. This relationship is
model dependent, and will involve the Onsager reaction field, for example and
phenomenological cavity radius parameter.*’ Thus, it is difficult to absolutely set the
sensitivity scale in terms of the local field or membrane potential in Figure (8).

Our method suggests an assay for estimating the electronic sensitivity using only
linear spectra. In this work, we utilized hyper-Rayleigh scattering to determine Ay
However, Au can be estimated using solvent shifts for both linear absorption and
emission where model dependent parameters, such as the cavity radius, are made to
cancel. The excited state dipole moment of a quasi-one-dimensional dye can be

determined through, 21

AE .
)ue — ,Ug emission (1 4)

absorption
where the ground state dipole moment must be independently known. With these
measurements, the right hand side of Equation (3) can be estimated using only linear
optical techniques.

Conclusions

We have studied the electric field dependence for second harmonic generation in
a potentiometric dye used in biological imaging using solvatochromic studies of hyper-
Rayleigh scattering and linear absorption. Through a simple model relating the
sensitivity of second harmonic generation to solvatochromic data of linear absorption, we
can understand the contributions to the second harmonic sensitivity. We find that, in
addition to the Stark shifts, that changes in dipole moments with local field, make

significant contributions. We find that the dispersion of the sensitivity indicates that the
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most sensitive wavelength for measurements is one half width lower in energy than the
absorption peak, and the least sensitive is one half width higher in energy than the
absorption peak. Our model and the use of solvatochromic linear absorption studies
provides a reasonable assay for assessing the potential sensitivity of new chromophores
with the proviso that additional measurements are needed to estimate the magnitude of
the Ay term, which is important. We believe that our study has more general
applicability, but further work is necessary to establish this.
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Appendix

Here we calculate the partial derivatives of | ﬂ| with respect to ®y and y. From

2

Equation (5) 8 = il ‘ﬂge (@, ~iy) , we obtain:
o (@, —iy)’ -0’ (e, —iy) —40’]
30| p[ (7 + o)
18= x

hZ
(7 +57° 0" +40*y +22)° + 570" + y’ 0" - 200" @,
+(6y" -10y°0” +330")w," + 227" - 50")0," + @,*) "’

olA| oA

We also calculate 4 = 1 A and B = 1 97 explicitly:

18] 0, 8] or

A=2w,(" =570’ =32y w* =60y’ w° —160° + (4y° - 15y @ + 32y’ 0" + 200" )]
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+3Q2y" =577 0wy +(4y* =50 o] + o)/ + o)) (7 + 570 + 40’

22y +5r 0" + 0t - 200w + (65" —10y°0w” +330™ o, + 227 - 507w + ;)]
B=—12y(*+5y°0" =20y’ 0" —160° + (4y° +15y @ + 32y’ 0" + 600° ),

+6y" +157°w* =320 o, +(4y° +50 )0 + O)/[(7> + 0 )(7* + 570" + 40"

22y +5r 0" + ylo* - 200w + (65" —10y°0w” + 330" o, + 227 - 507w + ;)]
The A@oi , B@M values from Equation (13) are obtained by substituting the average

values of m,, y for the different polarity solvent mixtures.
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Dash is the CDHO lineshape fit.

Figure 7. Plot of Au versus F and the corresponding linear fit.

Figure 8. Relative second harmonic sensitivity as a function of frequency. Solid line is
the model of Equation (7) (right-hand side), and data is the left-hand side of Equation (7).
Figure 9. Contributions of different terms as a function of frequency. The solid line is
the m( term and the dashed line is the y term, both of which are frequency dependent. The
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independent.
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Table 1. Solution properties.

F is the polarity, ¢ the dielectric constant, and » the

refractive index. Data for mixtures are calculated from algebraic sum of the cosolvent

fractions using £ and n of chloroform as 4.81 and 1.4458, respectively®.

Solution F £ n
A (DMSO) 0.2195 46.68° 1.4793°
B 0.2176 38.31 1.4726
C 0.2139 29.93 1.4659
D 0.2064 21.56 1.4592
E 0.1883 13.18 1.4525

a: data from Burdick & Jackson website for corresponding HPLC solvent at 20 C
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Figure 1. Structure of di-8-ANEPPS.
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Figure 2. Experimental setup for HRS measurements as described in the text.
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Figure 3. Linear absorption spectra of di-8-ANEPPS in solutions A, B, C, D and E.
Absorption spectrum shifts toward lower wavenumber as the polarity decreases from A

(rightmost curve) to E (leftmost curve).
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Figure 4. Solvent polarity (F) dependent measured quantities. a) Absorption frequency,
b) transition moment, c) spectral half-width and d) first hyperpolarizability. (Solid square

800nm, open square 900nm, triangle 976nm, solid circle 1020nm, and open circle

1064nm in d.)
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Figure 5. Hyperpolarizability 8 of di-8-ANEPPS in DMSO solution (Dots), F = 0.220,

and fit to Equations (5) Solid line and (6) Dashed line.
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Figure 6. Linear absorption spectra of di-8-ANEPPS in DMSO solution (Solution A,
solid line). Dashed line is the Log-normal fit for the first electronic absorption band. Dot-

Dash is the CDHO lineshape fit.
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Figure 7. Plot of Au versus F and the corresponding linear fit.

28—
27| ]
26
25|
24|
23|
2|

Ap (D)

21

20 - E
191 B

18 .
0.185 0.190 0.195 0.200 0.205 0.210 0.215 0.220

F

34



Figure 8. Relative second harmonic sensitivity as a function of frequency. Solid line is
the model of Equation (13) (right-hand side), and data is the left-hand side of Equation

(13).
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Figure 9. Contributions of different terms of Equation (3) as a function of frequency.

Labels indicate the variable of the partial derivative in that equation.
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