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Quadratic electro-optic effects in bacteriorhodopsin: Measurement
of y(—w;0,0,w) in dried gelatin thin films

Mikio Yamazaki,? Jerry Goodisman, and Robert R. Birge®
Department of Chemistry and W. M. Keck Center for Molecular Electronics, Syracuse University, Syracuse,
New York 13244-4100

(Received 13 November 1997; accepted 7 January)1998

Quadratic electro-optic effectsic or low frequency Kerr effegtof bacteriorhodopsin dispersed in
dried gelatin thin films are examined in the near resonance region at three wavelengths: 633, 647,
and 676 nm. The films show relatively large quadratic electro-optic effects compared to other
molecular dispersed systems. The purple membrane is fixed within the polymerized gelatin matrix,
and we show that the electronic contribution to dominates over possible orientational
contributions. At 676 nm, the quadratic electro-optic coefficieis{ — »;0,0w) is 6.7
X10°2°m?V? and the third order nonlinear susceptibility {3 — w;0,00) is 7.0

x 1013 cmf* statCoulomb?, with both values obtained for a protein concentration of 6.9

X 10" cm™3. The orientationally averaged second molecular hyperpolarizalyjity- »;0,0.0))
determined from the quadratic electro-optic coefficients at 676 nm assuming an Onsager ellipsoidal
local field factor is (10.8 5.1)x 10 32 cm’ statCoulomb? [ (1.34+0.63)x 10 6 F*m*C2]. The

(y(— w;0,0w)) value increases roughly tenfold when the probe wavelength is decreased to 633 nm.
The behavior ofy(— w;0,0w), when fit to a two-state model, predicts thgf— »;0,0w) is
strongly enhanced via type Il processes. Thus, the magnitugé -ei»;0,0w) is dominated by a

term (Au2oX u20)/ (w19~ ®)°3, WhereAu,, is the change in dipole momeni,, is the transition
moment, andw,q is the transition energy of the lowest-lying aIIowéEj*—like T, " state. We
calculate thatAuqo is 12.8£1.2 D, in good agreement with previous Stark and two-photon
experimental values. Time-dependent Hartree—Fock methods based on the MNDO Hamiltonian
yield reasonable agreement with experiment, underestimafingo;0,0.@) by factors of only 2—4,

with the error increasing as the frequency approaches resonanc&99® American Institute of
Physics[S0021-960808)01114-3

I. INTRODUCTION cnr statcoulomb?, approximately ten times larger than
] ) . . other organic chromophores of comparable conjugation

Bacteriorhodopsin(BR, M.W.~26 000 is the light |ength1® Subsequent studies yielded a comparable value of
transducing protein found in the purple membrane formed iho50+ 240x 10720 cnP statcoulomb? based on an analysis
the cell wall of the bacteriuntialobacterium salinarium™* ¢ 1o two-photon double resonance specttérnalysis of
The physiological function of this protein is to produce en-yq v photon data also indicate thashould be relatively
ergy for conve_rtlng ADP to ATP by pumping protons from large, due in part to the large change in dipole moment upon
the cytoplasmic to the extracellular side of the cell wall. Theexcitation(type Il enhancemeid>20
resulting pH gradient across the cell wall generates a proton In this study, we report the direct observatiomadf bR

motive force for synthesizing ATP. The proton pumping pro_dispersed in dried gelatin thin films in the near resonance

cess is mediated by a complex photocycle which is IIIuS_region. Our experimental method is based on the technique

trated in Fig. 1. When bacteriorhodopsin first absorbs light, it ) . : :
converts from the dark-adapted form to a light-adapted fomproposed by Schildkraut for measuring linear electrooptic

(bR), which contains only an atikans protonated Schiff base effects by using a reflection geomefryin this experiment,

chromophore. Unless specified otherwise, all of our experigelati” films containing bR were formed on ITO.covered
ments and all similar studies in the literature were carried ouglass substrates and Au electrodes were deposited on the
on the light-adapted form. surface of the gelatin films. A low frequency electric field is

Bacteriorhodopsin is known to exhibit large optical non- @Pplied to the gelatin film to induce birefringence. Low in-
linearities, due in part to the large difference between thdensity laser light is then directed onto the film through the
dipole moment in the ground state and that in its lowestdTO coated glass substrate. The laser light propagating inside

|ying, Strong|y allowed excited Sta%é._lg'rhe first measure- the gelatin film is then reflected back by the surface of the
ment of B8 by Huanget al. gave a value of 250010°3°  Au electrode. The electromagnetic field associated with the

laser light is modulated with a change in the phase difference
CPetweensr and p-polarized component caused via linear

dpresent address: Fuiji Electric Corporate Research and Development, Lt

2-2-1 Nagasaka Yokosuka 240-0194, Japan. electro-optic effects and/or quadratic electrooptic effatdo
P Author to whom correspondence should be addressed. referred to as dc or low frequency Kerr effects
0021-9606/98/108(14)/5876/12/$15.00 5876 © 1998 American Institute of Physics
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K { came clear. Brownish cell debris found in the pellet at bot-
M: N tom of centrifuge tubes was removed mechanically.
1] , N The gelatin thin films dispersed with the purple mem-
L1 - brane were prepared as follows. Geldtyelatin type A from
Wmﬂmm h) porcine skin[CAS# 9000-70-8 Sigma Chemical Co., used
7 S P R “ e as receiveflwas dissolved in deionized water by heating to
| &jla o] 60-65 °C for 40 min in a round bottom flask equipped with
111w 78 a water condenser on a water bath. The concentration of
o gelatin was 10 w/w% in de-ionized water. After the gelatin
conten mﬂ m{ was completely dissolved, the solution was filtered with a
bR . syringe filter(pore size Sum Micron Separations Ingwhile
Aphim o the solution was still hot. The suspension of bacteriorhodop-
sin in deionized water was spun down in the Beckman 45 Ti

{
300 4°3Vaveli‘:f;'h s 700 rotor (32 000 rpm, 109 000 g for 30 mirto yield a pellet of
purple membrane. The pellet was resuspended in a minimal
FIG. 1. Schematic diagram of the photocycle of light adapted bacteriogmount of deionized water. Then the Suspension was soni-

rhodopsin (left) and absorption spectra of selected intermediatight).  ated for 30 min. The sonicator tip was directly immersed in
Bold letters denote intermediates in the photocycle, and approximate ab-

sorption maxima of the intermediates are shown in nm. The abbreviaRon the SUSpenSi(_)n for e_fﬁCient Sonicfation- _ _
denotes the ground state of light adapted bacteriorhodopsin. Arrows without ~ The gelatin solution and protein suspension were filtered

the label *h»” indicate thermal decay. The three wavelengths used in ourwith a syringe filter(AcetatePlus Membrane, pore sizeB,
electro-optical measurements are indicated with vertical bars at right. diameter 25 mm, Micron Separations Indeated to 60 °C
and then mixed with gentle stirring for about 30 min while

Gelatin has been known to have a cross-linked, collagenM@intaining the temperature at 60 °C. The resulting mixture
like structure with hydrogen bonds. When purple membrand/@s coated onto an indium tin oxidéTO) coated BK-7
is immersed in the gelatin matrix, the purple membrane isglass substra_\te via the spin _coatlng method. The_ th|cknes_s of
considered to be spatially fixed. The interaction between thi€ [TO coating was approximately 1000 A yielding a resis-

host molecule and the gelatin matrix via the hydrogen bong&Vity of about 1 K)cm. Spin C(_)a.ting was carried out by
is expected to play a role in preventing induction of molecu-PIPetting 200—25QuL of the protein:gelatin mixture onto the
lar orientation under strong modulation field. For example preheated ITO coated substrate so that the mixture covered

Ho etal. investigated linear electro-optic effects of the surface as uniformly as was possible. The substrate was
p-nitrophenol in a gelatin matrix and observed that the geIa:[hen transferred to the spin coating apparatus, and the thick-

tin matrix maintained poling stabilit§? Thus, we conclude ness of the final film was controlled by adjusting the rota-

that orientational contributions to the measured electro—opti&io,nal speed of the spin coater. By using this procedure, film
effect can be ignored. Our experimental results provide supicknesses ranging from 3 to Jam were achieved.
After the films had formed on the ITO covered glass

port for this conclusion. By analyzing the wavelength depen- o . . -
dence ofy, we gain insight into the electronic origin of the substrates, they were dried in a closed container, in which the

large second order hyperpolarizability of bacteriorhodopsinélative humidity was maintained at 80% to 85% and tem-
perature was maintained at 25 °C for two days. The humidity

was controlled by placing a beaker containing a saturated

KCI solution inside the container.

A. Sample preparation The film thickness was measured by taking transmit-

Purple membrane was isolated from the strain S9-P 0}ance spectra from the visiple to the near ir region. An inter-
Halobacterium salinariunby using the following procedure. erence pattem was found_ in the tran_sm|ttance spgctra when
The bacterium was collected by spinning down the cuIturethe sgrface q_uahty of the films was_hlgh, an_d the films were
containing the bacterium in a Beckman JA-10 rotor at 500cPf uniform th|ckne§s. Al fL_lrther QpF'CaI studies were ca_rne_d
rpm (15 000 g for 10—15 min, then resuspending in distilled out only on those films which s_atlsfled the ab_ove two criteria.
water. The total volume of the suspension was approximatel he film th.|ckness was Qetermlne_d from the interference pat-
500 mL. We then added 0.15 mg/mL of DNAse | type IV e by using the following equation:
(Sigma D-502% and 0.25 g of MgS@to the suspension to
digest the DNA contaminant. The suspension was left over
night with gentle stirring at ambient temperature, and the cell | = Am ( 1 ) 1)
debris was removed by spinning the sample down using a 2ynZ=sir? 6 \U\;—1/N,)"
Beckman JA-17 rotor at 5000 rpm for 5 to 10 min.

The supernatant and purple membrane were saved and
spun down in a 45 Ti rotor at 32 000 rp(h09 000 g for 35  wherel is the film thicknessAm is the number of peak®r
min at 4 °C. Pellets of purple membrane which formed at thevalleys in the interference pattern,; is the longest wave-
bottom of the centrifuge tubes were washed via resuspensidangth in the interference patterk, is the shortest wave
in de-ionized water, followed by centrifugation as describedength in the interference patteréjs the incident angle of a
above. This procedure was repeated until the supernatant bprobe beam andh is the refractive index of the filmgn

Il. EXPERIMENT
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The reflected beam was passed through a zero order quarter
wave plate followed by a second glan-laser prism,which was
set to be cross-Nicol relative to the first prism. The quarter
wave plate thus gives 90 degree phase biasing to the re-
flected beam. The rotation angle of the quarter wave plate
was adjusted so that the maximum output power was ob-

Photo diode

Aperture

N4
Lens

Analyzer i
BK-7 glass tained.
substrate i After the reflected beam was passed through the second
ITO elecrode lock i mlier aperture, it was focused to fill but not overflow the active
Polymer fim BALASY, (SRS 850 DSP) area of the photodiode. The photodiode was carefully
Au electrodes __—> . . . .
(patterned) X3 o I shielded with Cu mesh to eliminate signal due to the stray
emf from the high voltage power supply and associated
. o Jlon votge Functon leads. The output signal from the photodiode was fed into a
(JR:MWM‘:’;; | creoses digital lock-in amplifier (SRS850 DSP, Stanford Research
X=Xq

Systems, Sunnyvale, GAA TTL reference signal at 500 Hz
FIG. 2. The apparatus used to measure the nonlinear electrooptical prope?—las _prowded to the lock-in ampl_lfler using . a synthe5|zed
ties of the protein thin films. The;, X,, and x; axes were taken as a unction generato(D8345 SyntheS|zed Function Generator,
coordinate system fixed inside the film, where thexis is perpendicular to ~ Stanford Research SystemsThe function generator also
the film surface and, and x, are parallel to the film surface. Als® provided a synchronized signal to the ac power supply
Qenotes the incident angle_ of the Ia_lser andenotgs an gffective propaga- (Model 1100 High voItage ac power supply, Joseph Rolfe
tion angle_ of the Iasgr inside the film. The relative thlckness of the gIaSSASSOCiateS Palo Alto Stanford, GAThe high voltage power
substrate is unrealistically small for graphical convenience. ’ ’
supply was driven well below its rms capacity to avoid non-
sinusoidal behavior and no bias was added to the signal to
=1.53, see belojv The transmittances were measured usingavoid creating a net orientationgloling) applied field.
a Shimadzu UV-3101 UV-Vis-NIR spectrometer with opti-
cal film thickness measurement software.
After the film thickness was confirmed, four to six round C. Sianal analvsis
Au thin film electrodes were deposited directly onto the sur-~" g y
face of the protein:gelatin film by using a dc sputtering pro-  In the weak poling limit, the refractive index change
cess. Film thickness of the Au electrode was approximatelyssociated with an external applied electric field can be writ-
1000 A and its diameter was 0.525 cm. Because the sputteten for ordinary and extraordinary rays as follows:
ing process removes moisture from the gelatin film, the gela-

tin film directly under the Au electrodes shrunk causing dis-  An,= %nﬁ(r113E3+ S113£3E3), (29
tortion of the film. To remove the distortion, the films were
placed in the humidity and temperature controlled container  An,= %nz(r333E3+33333E3E3), (2b)

again for at least five days. Prior to carrying out our optical
measurements,the films were stored for two days at ambientherer ;3 and r33; are the linear electrooptic coefficients

temperature and about 65% relative humidity. measured along in-plane and film normal directions, respec-
tively, ands;133 andsgz3; are the quadratic electro-optic co-

B. Electrooptic light modulation with quadratic efficients measured along the in-plane and film normal direc-

electrooptic effects tions, respectively. The Schildkraut derived expression for

Figure 2 shows the experimental setup for the electro;[he degree of the phase modulation in the reflection geometry

optic response measurement using the reflection techniqué.

Radiation from a He—Ne las€05LHP151 5 mW polarized ir?
laser head, Melles-Griot, Irvine QAor a Krypton ion laser = 4_77 IAAN SI™ a
(Innova-301, 750 mW, Coherent Corp., Palo Alto JOg¥o- A

vided the probe irradiation. Light intensity was measured

with a photodiodégModel 2001 optical receiver, New Focus, AAn=An,—An,. (3b)
Mountainview, CA and a digital multimetetKeithley 179A

TRMS), and all intensities were corrected by the responséssuming Kleinman's symmetry hold@ 333=3r113, Ssasz
factors of the photodiode. Data were collected at three wave= 3S1139 andn,~n¢~n, Eq. (38 becomes

lengths: 632.8 nniHe—Ng, 647.1 nm(Kr ion) and 676.4 nm

(3a

cosa’

(Kr ion). These wavelengths correspond to the near absorp- _ 47in® [r ts E,] Sin’ @ @)
tion edge region of the ground state of the bacteriorhodopsin  ~ ~ X\ nuFstsusFalal coo
(Fig. 1).

Polarization of the incident light was adjusted to 45 de-When the modulation field can be represented as a simple ac
grees with respect to the plane of incidence with a glan-lasdield [E,=(V,/lI)cosQt], the relationship between the
prism so that the electric field vector of the incident light phase shiftI’, and the modulated laser light intensity ratio,
yielded an equal amount & and p-polarized components. |,./l4., can be calculated as follovi2*
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I Ll SMEEE AR RARAA RARRARARNE RaRY 2
Iﬁ:Z 2 sir? 517 +T c [ | 1y [ @ @fundamental frequency /_
de § 0.025 o E {O @2nd harmonic frequency / ]
~1_ z 8_77 S|n2 a n n351133Vﬁ1 E% E q ]
2 N cos ab 4] gl 0020 /

n°r 11V n®s115Vh :é; 0015 :
————— cosOQt+ ——— cos At |, (5) g y ]

2 4] = [

5 0010 F
wherel is film thickness\V,, is applied voltagel ,. is degree 3 ! / ]
of modulation and 4 is defined as the dc signal obtained by ‘;; 0.005 [ 1
subtracting the dc level with the quarter wave plate with 2 [ :
applying no modulation voltage from the dc level without the 0.000 L U WY SO

quarter wave plate with applying no modulation voltage. The 0 50 100 150 200 250 300
dc signal thus corresponds to 50% transmittance, anerthe Modulation Voltage (RMS Volts)
phase biasing has been added into . The phase biasing FIG. 3. Typical electrooptic response obtained from the bacteriorhodopsin

is achieved by placing the quarter wave/4) plate into the  gispersed in a dried gelatin thin film. The experiments were repeated three
optical path as shown in Fig. 2. The tethm,. arises from  times to confirm reproducibility of the electrooptic response from the light

the absorption change of the medium and does not depend @Gfapted protein. Key experimental variables are as follows: modulation fre-
. - . . . guency, 500 Hz; film thickness, 15.3wm; bR concentration, 6.9

the modulation field. The sy;tem is cqn3|dered to be ISOtrO5, ) 18" and incident photon density, 2107 photons m? s

pic, and thus the term involving, 5 is either not detectable

or negligible compared to the term involvisg,33. Only the

term depending on cod R is detected by the lock-in ampli-  amplifier. The modulated signal amplitudes normalized with

f!er at the second harmonK-; frequency of the mOdU!at|0rthe dc Components were on the order ofi@l(fz

field. The degree of modulation at the second harmonic fre-  Three consecutive experiments were carried out for each

quency is defined as sample at each wavelengtiFig. 3). Spectrophotometric

studies were carried out to verify that the protein remained

|29 27n3s,13V2 Si? a : : : P
B¢ _AT29 gos M= 1133V m cos Mt light-adapted during the experiment. Contributions to the
lgc Al COsa quadratic electro-optic effects from gelatin itself were negli-

(6) gible. The normalized modulated light intensities were re-

whereAT'?? is the amplitude of the phase shift modulation. plotted against the quantity

The relation between the effective propagation angleand (rms amplitude of modulation voltagfe
the incident angleg, is given by Snell’s law wavelengthfilm thickness
sin é=n sin a. (7) From the slopes of the curves obtained with this analysis,

S1133Was calculated via E(8). Figure 4 shows an example

Considering Eq(7) and assuming that both the modulation of the normalized intensity-normalized quadratic voltage plot
field and the modulated light amplitude are measured as rms

amplitudes, Eq(6) reduces to

0.025

oot 3\ \/m |§£z,expt _ x6.9x1(;:Zcm:z %4./ ) d
Sa333— (VT NSt e Iy (8) £ B 5.0x10"%m L
m Q 0020 7 4 45x10"%m™® 7T 7 y
QEO ® 43x10'%m™ /" , / A

ll. RESULT AND DISCUSSION <1° o015 Hozoxoem3 | | s A
A. Quadratic electrooptic effects observed in the 2 v 09x10Tem? 'f// /
gelatin films containing bR féf 0.040 ‘ pd ]

Figure 3 shows a typical electrooptic response from bac- ;? // -
teriorhodopsin dispersed in gelatin film obtained using 632.8 § 0.005 2
nm laser radiation. Signal amplitudes at the second harmonic 3
frequency(1 kHz) were typically 2 to 3 orders of magnitude =
larger than those at the fundamental freque(&90 H2. 0.000 s . -
Signals at a fundamental frequency based on linear electro- )
optic effects were not detectable in most cases, because the % Lvim)?x10"°]

protein samples are highly homogeneous and isotropic.
However, the quadratic modulation voltage dependence df!G. 4. Modulated light intensity-normalized quadratic voltage plots. These

- : - rves were measured with 633 nm incident light and<2L@? m~2s72 of
the S|gnals at a second harmonic frequency were distinct arﬁEoton density for various protein concentrations. The data points were

the raw signal intenSitY in rms voltage was on t'he Order. Otgtted with straight lines and slopes were obtained for the evaluation of
0.1-10uV, levels readily observable by the digital lock-in s;;5;. Similar data sets were acquired at 647.1 and 676.4 nm.
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5 0.018 5
@ S1133@8633nm i 0.016 Lf © @633nm o5
W S1133@8647nm _ ] A @647nm ©
41 1 ~ 0014 H 1 asrenm
A S1133@676nm 1 8|8 g O/O/ @

Modulated light intensity (

7} B Sa—, RT 102 07 10
Protein Concentration (cm-3 x 10718) Photon density {photons m °s )

FIG. 5. Concentration dependence of the quadratic electro-optic effects ol%IG' 6. Photon density dependence of the modulated light intensity detected

the gelatin films containing bacteriorhodopsin at several wavelengths in neaart the second harmonic of the modulation frequency. The modulation voit-

resonance region. The quadratic electrooptic signals vary linearly with redge was fixed at 200 V rms, the film thickness was 1403, protein con-

spect to the concentration of bacteriorhodopsin centration was 6.8 10'® cm ™2 and the modulation frequency was 500 Hz.

ﬁrapolating our data back to low light levels where such in-

at 632.8 nm for a range in bacteriorhodopsin concentratio .
terference was minimal.

from 6.9< 10" cm 3 to 6.9x10*® cm™3. The curves shown
in Fig. 4 were successfully fitted with straight lines with
good cc_)rrelation between the above two quantities. The samg . iculation of yfrom s
curve fitting procedures were used to analyze the data at
647.1 and 676.4 nm. The third-order nonlinear susceptibility is related to the
Figure 5 shows the bacteriorhodopsin concentration dequadratic electrooptic coefficient by the following relation-
pendence of the quadratic electrooptic effects measured &hip:
several wavelengths. These data indicate that the quadratic n’
electro-optic effects are approximately linear with respect to Xﬁgg(— 0;0,0w)= o7 S113d — ®;0,0) (cgs-es.
concentration of bacteriorhodopsin within the concentration 9
range investigated here. This observation implies that the
second molecular hyperpolarizability can be determined® relation between the macroscopic third order nonlinear
from the slopes of these curves. We can thus conclude witRusceptibility of the films and the second molecular hyper-
confidence that the protein, and not the gelatin matrix ofPolarizability of the protein can be derived by taking local
other components along the light path, is responsible for thé€ld factors into account. However, the choice of a local
signal. It is thus possible to equate the measured value dfeld factor is not obvious, because we are dealing with a
x® to the moleculary via the relationy®=NL(y), where chromophore imbedded inside a complex binding &itee
N is the concentration of the protein aihdis a local field ~ Fig. 7).%?° For this reason, we will investigate here a variety
correction. of local field factors. The local field factor introduced by
Neither the linear nor the quadratic electrooptic effect isOnsager has been used extensively for studies of nonlinear
expected to be dependent on the incident light intensity, bugptical properties of organic moleculédppendix A. The
dependent only on the amplitude of the modulated electri®©nsager’s local field factor was derived assuming that the
field. However, the modulated light intensities with the qua-molecule is a dipole placed in a virtual spherical cavity in a
dratic electrooptic effects detected at 633 nm are proporcontinuous dielectric matrix and the local field is a sum of
tional to the logarithm of the photon density of the incidentthe field inside the cavity and the reaction field resulting
light while the signal levels measured at 647 and 676 nm ar@om an interaction between the dipole moment of a mol-
invariant to photon density as shown in Fig. 6. ecule in the cavity and a polarization induced in surrounding
One possib|e exp|anation for the anomalous 5igna| enatter by an external field. However, the retinal chro-
hancement at 633 nm is an increased population ofQhe Mmophore considered here is a rod shaped polyene. Hence, an
state of bacteriorhodopsin, which has an absorption maxiellipsoidal cavity is considered to be more suitable in this
mum at~ 645 nm(see Fig. 1 Bacteriorhodopsin has a suf- case(Fig. 7).28 The expressions of the local field factors for
ficient absorptivity at 633 nm to yield a small population of the ellipsoidal cavity at a static fieltf}),.. and at an optical
photocycling molecules within the irradiated volume ele-frequencyfi) . are given in(A6) and(A7) in Appendix A,
ment, and thé® state has a relatively long lifetime-4 mg.  respectively. Also, the expressions of the local field factors
We conclude that the quadratic electro-optic effect is likelyfor the spherical cavity at a static fiefé%%e,eand at an opti-
enhanced anomalously 6y state interference. Regardless of cal frequencyfg‘,;’%ereare given in(A8) and(A9) in Appendix
the origin of the effect, we removed the interference by ex-A, respectively. For examplefgl),i)pse is given as follows:
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EU93
A (+3.1A4)
A,

FIG. 7. A view of the chromophore binding site of light-adapted bacteriorhodopsin based on the model proposed by Henderson and co-workers obtained from
electron cryomicroscopy diffraction studiéRef. 9. The chromophore cavity used in the calculation of the Lorentz and Onsager elliptical local field
calculations is superimposed. The numbers shown in parentheses give the center of mass displaceménisisiseyeut of the papgand below(negative,

into the paperthe chromophore polyene chaiim the plane of the paperThe putative position of calciugi) is based on two-photon studi€Ref. 25.

- e(0) {1+ (e(w)—1)A,} sin (the protein without the chromophoreas assumed to be
felipse™ — : (A6) equal to that of the gelatin matrix based on the experimental
€2(0) + (e1(w) — €2(0))Aq A ; -
result for the effective dielectric constant of the protein in the
An alternative, but widely accepted, approximation to\ state ¢,(0)=2.2) obtained by Dioumaest al?® The re-
the local field correction was developed by Lorentz. In thesylting local field factors are tabulated in Table I.
Lorentz’s approximation, the reaction field is not taken into  The molecular hyperpolarizability;, can now be related

account. For comparison, the Lorentz-type local field factorge the third order nonlinear susceptibility!®, by using the
for ellipsoidal and spherical cavities were also considered af|lowing relationship:

the local field correction. The local field factors derived us-

ing the Lorentz approximation are given (A14) and(A15) X (— ©;0,00) =NFOFOF@F@) y(—:0,00))i ,

in Appendix A. For examplef ). .is given as follows: (10)

() €x(w)+2 where(y(— »;0,0w)) is an orientational average gfover
Fsphere™ 3 (A15)  the molecular coordinates aidis concentration of the guest

o . molecule. The subscripts j, k, andl denote film coordi-
The permittivity of gelatin measured at 1 kHz,(0) nates andxi(,-‘a(—w;O,Ow) is a tensor component of®).

=2.07) was used as the static field permittivity of the poly-Tne calculation of y(— w;0,00)) is discussed in Appendix
mer matrix. The refractive indices of the protein and theg | the fiims are isotropic{ y(— ;0,0))sss3 i also an

gelatin matrix at optical frequencies were taken from Son%verage value over the film coordinates, and the average
et al”" and were used for the calculation of the permittivities, 4 ,e of y over the film coordinate is given by

assuming e;(w)=n?=(1.53y% for bacteriorhodopsin and
e,(w)=n?=(1.54) for gelatin. The refractive index of op- (¥)=(¥)3335=3(V)1133- (11

TABLE I. Local field factors?

Onsager-type local field factor Lorentz-type local field factor
0 %) %) %) %)
fx(elli)pse f (elli%)se fgg%ere f(spr)uare f((all)li)pse fx(elli)pse f (S?JLere f (spl)were
1.28 1.33 1.39 1.45 1.26 1.33 1.36 1.46

¥ =1.53 for bacteriorhodopsim=1.54 for gelatin matrixfrom Ref. 27, e=2.07 for gelatin matrix at 1 kHz,
A,=0.243(see discussion in Refs. 26, 31,)33
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TABLE II. Induced orientation effect for the quadratic electrooptic effect |ecular volume of alltrans retinal,V, by the bulk modulus of
found in a gelatin film containing bacteriorhodopsin. the gelatin polymerK, assuming that the purple membrane
patches are strongly interacting with the gelatin matrix. For
the present study, we use an ellipsoidal cavity volume in-
6.9} 10% 6.7<10°%  87x10%*°  -3.2x10 ¥ stead of the molecular volun{see discussion belowEqua-
tions (12) and (13) were evaluated assuming,=A,=0
(isotropic casgbased on a bacteriorhodopsin concentration
Thus, (y(—@:0,00)) can be calculated from of 6.9x 10'8 cm™3. The results are tabulated in Table 1. All

X(lsl)s,s(—w;O,Om) by using Eqs(10) and(11). The results are quantities not evaluated by us are available from the

i 0-33 :
presented in Table IV. We consider the values for the Onjlteraturé and all relgj\r/ant paorrameters are tabqlated n
ands;; 33 from the experimen-

sager elliptical local field factors to be the most experimen—Table lll. Subiraction 0633, ) .
rt_ally measured value od;;33 should give a pure electronic
&ontribution to the quadratic electrooptic effect. The total

tally relevant. The difference between the Onsager and Lo
ational correction fors;i33 is consequently 8.5

entz elliptical values, are, however much smaller than thrprient
experimental error. It would seem clear from an examinatio o L .

b X 1026 m?/V/2, which is negligible compared to the experi-
mental result of s;133 obtained for this sample, 6.7

of Fig. 7 that an elliptical cavity is much more appropriate
X 1072° m?VV2. Therefore, the orientational contribution is

than a spherical cavity approximation.
negligible, and will be ignored in subsequent analyses.
Our experimental values agfas a function of energy can
Kuzyk et al. have derived expressions for the secondbe fit with good precision by using a very simple two vari-
order induced orientational effect$s;and the orientational ~able nonlinear equatiors/ (wg— )3, wherew is the photon

Concentration/cm®  s®%ym2V-2 L /m2V 2 s gmPV 2

C. Analysis with the two-state model

effect s9} 55 as follows?® frequency andA and wg are the two variables. For reasons
4w NGt that will be clear from the subsequent discussion, this behav-
m L ior i indication that a single excited electronic state
S =— 22T (14—50A,+36A,), 12 ior is an indi g
113379x10° 35kyn? ( 2 ) (129 dominates the resonant enhancement.oThis permits the
. 1 16 (0 o (— ) use of a simple two level model of the process
S1133~ ox1F 105" ¢ ( ) kon* Yiririri(— g 01,07,03)
X(7+5A;—12A,). (120 =4K(~ 0, ;01,0,03) (1) 31 ;123
In these formulas, quantities with denote local field cor- |<g|,u-,|n)|2m2
rected quantities ané, and A, are orientational order pa- X — ' —— : —
rameters. The factor, and A, are zero for an isotropic (wo— wg)(wp— w1~ w2)(wo— w1)
system,k, is a microscopic elastic modulus constant in (g wir|n)|*
dyn cm, andk, is defined as a force constant of the restoring T (oo 0 (we— o1 (@et wg) |’ (14
force F acting on the chromophore upon applying an electric @0 Do/l Wo™ W1 WoT @2
field wherew= w,4 corresponds to a transition frequency from a
K, ground state to an excited state of interdsiglenotes the
F= > (60— 6,)2. (13 average of all terms generated by permuting, w,, w,,

and w3 and K is a numerical factor that depends on the
In (13), 6— 6, is an angle variation between the direction of presence of zero frequencies and repeated frequencies in the
the applied electric field and the static dipole moment of thesetw,, w1, w,, andws. In addition, ;. is a ground state
chromophore before and after applying the electric field. Al-dipole moment of the chromophore aloirgdirection in the
ternatively,k, can also be estimated by multiplying the mo- molecular coordinate, angh) and|g) denote state vectors

TABLE Ill. Values used to calculate®,s®".

a(—Q;Q)/cm®? a(— w;w)lcm? B(—2w;0,w)/es? ulesid (0 f(@)

5.4x 10723 3.0x10° % 2.5x10°% 5.3x 10718 1.26 1.33

Bulk modulus K/dyn cm® Cavity volume V/cni® Density N/cm™3
1.71x 10" 4.02x10° % 6.9x 10'8

#This value was obtained for ditansretinal dissolved in hexane or cyclohexane based on electric field and
refractive index measuremenefs. 30, 3L

bThis value was measured for bacteriorhodopsin dispersed in(pinlyl alcoho) with second harmonic gen-
eration using a 1064 nm fundamental wavelengref. 19.

°This value was measured as a Young's modulus at 20 °C and 65% relative hutfdity32. A rate of
loading for the tensile strength testing was 25 kg émsr *.

dFrom Refs. 26, 31.
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for a nth state and a ground state of the chromophore, re-
spectively. Equatioril4) is a reduced expression of H&{R6)
given in Appendix B.

Because the barred matrix element in Egf) is defined
as

<n|Mi',j',k' or |/|n>5<n|ﬂi/,j/,k' or 17|N)
—(9lmirjrkr or 11]9), (15

this term represents the dipole moment differenge,,, be-
tween the ground state and the excited state. Also,
(9lmirjr xr or 17/N) is the transition moment associated with
theg—n transition, and is thus proportional to the oscillator
strength of the chromophore. Equati@i¥) can now be re-
duced to the simple form

2. 2
ApioX 1o

6
(w10~ )°+ wp

Y10l — 0;0,0w)~ J

qullo FIG. 8. Error contours for the weighted nonlinear least-squares fit of the
— +cross terms, Onsagefelliptical) y(— w;0,0w) values to the two level mod¢Eq. (16)].
\/wio( w10~ w)4+ wGD The individual data points were weighted linearly as a function of the pro-

tein concentration. The error contours display the root-mean-square devia-
(16) tion in units of y(— ;0,0) in units of 10 %2 cm’ statCoulomb?. The

v _ vertical axis represents the oscillator strength of #8¢ *-like 7, 7* state
where the subscript “1” is used to represent the excitedwhile the horizontal axis represents the change in dipole moment upon

state, “0” represents the ground state and a damping termgxcitat@on of the same state. Note ttfat=0.8 [based on the t_w_o—pho_ton
wp , is added to allow the use of this equation in fitting the analysis(Ref. 12] dictates a value ol u,,=12.8 D based on minimization

. . . . of the error(gray dotted ling The error bar forA u,(*+1.2 D) is deter-
expenmental datgsee discussion in Ref. 12The cross mined by folding the error range df, (+0.07, Ref. 12 onto the expecta-

termsthat appear in Eq(16) apprOXimat(?'y cancel out .and tion value for the experimental errdowest-error contour lingsThe prob-
can be safely ignoretf. The most appropriate value fary is  ability that Az is within the range 11.7-14.0 D is 95%.

250 cm'%, an upper limit to the homogeneous linewidth in
bR* [see also discussion following E36) in Ref. 12.

F.o_rtunately,.our subsequent caleulatlons are pot ove.rly S€¥onsiderations of energy, oscillator strength, and dipole mo-
sitive to a55|gnme1nt of the damping term provided this terMyent change, all three of which favor participation of the
is below 1000 cm*. It was our hope that we could use Eq. - P ; . ; ;

P 9-1B* *_|ike state in enhancingy(—;0,0w). Simulations

(16) to examine the molecular electronic pr ope_r_ties r€SPONpased on a three state model and the above parameters indi-
sible for the large second order hyperpolarizability of bacte-Cate that the contribution of theB* *-like state relative to

riorhodopsin. We therefore used weighted nonlinear leas 'helA;’-Iike state increases from 100 at 676 nm to-325

squares procedures to fit I.EQLG.) to the Onsager eIIiptica! at 633 nm. This is further evidence that the two-state model
experimental data. The weighting factors of the data points. adequate for analyzing the results in this region of the

were aeS|gned to be Ilnear_ly proport|er_1al to the protein C.on'spectrum. The two state model predictg.;,=12.8 D and
centration. However, as might be anticipated by an examina-

. . w10=2.117eV (Table 1V) assuming f1,=0.8(u
tion of Eq. (16), the values ofuqo and Auyo are highly =1S(9).98 D) 22 If we include the error range ihlolact)nd expelr(;—

cor_related_. That is, a unique S|multaneo_us_ fit of these WOnental error in our experimental measurements, the error
variables is not possible. We explore their inter-relationship

e . . ontour analysis presented in Fig. 8 predicts that the dipole
in Fig. 8, which presents the error contours as a function oﬁ1 ySIS p g.°p P

h {lator strenat S and the ch - dinol oment difference between tH8 *-like m,7* state and
€ oscilator streng l(ly axis) and the change in dipole mo- .o ground state is 12481.2 D. Our assignment is in excel-
ment (x axis). The minimum error contour is shown with a

. o o lent agreement with the value determined from Stark mea-
gray dotted line, and is given by the equation: surements(12.4 D*® and two-photon spectroscopil3.5
Aulo(D)~0-5515<f%o274+ 11.386¢ ffoo'4943_ 0.3678. +0.8 D).}? We anticipate that the close agreeme’nt between
(17) the present measurement .aﬁ,ulo . and Ponder’'s Stark
measuremenft is largely fortuitous given the error bars. Be-
Two-photon studies indicate that there are in fact two al-cause the two-photon method can explicitly meashge,q
lowed low-lying states, the lowest enerd?’ *-like state for the lowest-lying'B: *-like state, removing all contribu-
Amax=568 nm, f=0.8=0.07, Ax=13.5£0.8D) and a tions from other participating states, we anticipate that the
higher energy 1A; “-like state (\pa=488nm, f=0.3  two-photon value A u1,=13.5+0.8 D) is the most accurate.
+0.15,Au=9.1+4.8 D).!? These results suggest that in the There is one aspect of E¢L6) which may not be obvi-
near-resonant region, theB} *-like state is the dominant ous upon first inspection, but which can have an interesting
contributor toy(— w;0,0w). This conclusion follows from effect on both the magnitude as well as the frequency depen-
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TABLE IV. Second hyperpolarizability y(— w;0,0w)) of bacteriorhodop-  “type I” enhancement(Fig. 9).% Clearly, the second hyper-
sin as a function of and local field factof. polarizability of bacteriorhodopsin is dominated by type II

Photon energy W—18336Y w_lol6ev w_1lo9oy  €nhancement, becauseu;o>uio.t> If the two-state ap-
Local field (\=676nm) (A=647nm)  (A=633 nm) proximation were rigorously accurate, type Ill enhancement
P—— 50 a7 13 o2 _could be verified experimentally by observing a sign change
Lorentz (elliptical) 11..2t 5:2 33+18 106+67 n 7/(_ a);0,0,w) at the frequency
i + + _ 2
Onesgetelipicar 10851 ax1s  10mes wq=wsd 1+ (Apsol 10} =
However, in the present case, this frequency is in the ultra-
Two state mode 1592 46.06 96.07 violet (~5.6 eV, ~220 nm, and other electronic states
AM1°© 3.06 5.51 7.97 would dominatey(— w;0,0).
PM3 3.12 5.72 8.38
MNDO® 6.16 14.35 25.43

D. Comparison with theory

a< e P H 32 7 2 H H
y(— ;0,0w)) in units of 10 °2 cm’ statCoulomb~. All values in this . .
table can be converted to Sl units®( * C™2) by multiplying by the con- Time-dependent Hartree—Fock molecular orbital theory

version factor: 1.238 10-25 F* m* C~2/(cn statCoulomb?). Thus, in SI  fepresents one of the more accurate methods available for
units, the Onsagetelliptical) (y(— w;0,00)) values are 1.340.63, 4.0  calculating molecular hyperpolarizabilitidsKurtz and Ko-
fgé—,zg arneds 1:C-fifvi-|0 in units of 10°° F°m*C™? at w=1.833, 1.916, and  rambath have implemented versatile iterative procedures for
b &/(—;;;O,CF))M)) ba)ged on Eq(16) and a weighted nonlinear least-squares Ca_'lc_matmg @, B, andy base8d390n time-dependent methods
fit to the Onsagetelliptical) experimental results and the following param- Within the MOPAC93 package’®**We used these methods to
eters: Au;g=12.8D, f13=0.8(u1;=9.98D), w;;=2.117eV, wp calculate y(— w;0,0w) as a function of energy using for
=0.031 V(250 cm?). comparative purposes the AM1, PM3, and MNDO Hamilto-
Tﬂ'mg(;";pe”qe”t. Hartree—Fock methods based on the AM1, PM3, anflians The jterative procedures are highly computationally
amiltonians withinmopAcos (see the tejt . . . L. .
intensive, particularly under resonance conditions. Despite
the use of semiempirical Hamiltonians, we had to limit the
dence ofy(— w;0,0). The denominator of the first term calculation to the altrans protonated Schiff base chro-
decreases in magnitude faster than the denominator of tHgophore to achieve convergence at energies above 1.95 eV.
second term as» approachesw;o. If the molecule has a The results are presented in the bottom three rows of Table
low-lying excited singlet state that is both strongly allowed V.
and undergoes a large change in dipole moment upon exci- The MNDO calculations do a relatively good job of re-
tation, the first term will dominate and we will experience producing the observed second-order hyperpolarizability
type Il enhancementFig. 9).%6 Symmetric, non-polar mol- considering the level of approximation and the fact that we
ecules with strongly allowed low-lying excited singlet statesare limiting the calculation to the chromophore. The fact that
will yield y(— »;0,0) values that are enhanced primarily all three semiempirical parameterizations underestimate
via the second term. This type of enhancement is called(—®;0,00) may also be due to the inherent tendency of all
three methods to underestimate dipole moment changes and
inaccurately represent transition energies into the low-lying
excited singlet statesS:**We note that all calculations were
carried out using the standard parameterization optimized for
the ground state. Nevertheless, we consider the results from

wE ) the MNDO calculations to be worth noting and suggest that
A this Hamiltonian is the best choice for calculating the hyper-
polarizabilities of molecules using time-dependent Hartree—
Yy \ \ Fock methods withmoPAC.
g(0) 2(0) g(0)
Typel Type I Type II IV. COMMENTS AND CONCLUSIONS
4 2 2 2 2
. Hio > Mo Altjo Mo We have examined the quadratic electrooptic effédts
(0 - @) gmse) (0 - @)@y - ) (@4 - ©)

or low frequency Kerr effegtof bacteriorhodopsin dispersed
FIG. 9. Schematic diagrams showing the molecular electronic origins of thd" dried gelatln thin films. Data were COI_IeCted at three wave-
type 1, type II, and type Il second-order hyperpolarizability enhancementlengths: 632.8 nniHe—N@, 647.1 nm(Kr ion) and 676.4 nm
processes. The symbg(0) denotes the ground state of thetadinsproto-  (Kr ion). These wavelengths correspond to the near absorp-
ntated | Sclrluff boissi +c|r_1|£omoprlorf tamiél)* qeno:es} tthf |9W9|Sg|ym9|vl tion edge region of the ground state of the bacteriorhodopsin
strongly-aliowed B "-like r, m* state. Theg® (i) set of states includes all 0 "9y “The films show relatively large quadratic electroop-
the higher energ)’/Ag -like 7, 7* states with non-negligible transition mo- . .

ments with the lowest-lying'B* *-like state. Arrows between different tic effects compared t‘? cher m0|.ecumr dlsperged systems.
states correspond to electronic transition moments. Arrows that return to thé he purple membrane is fixed within the polymerized gelatin
same state indicate electron reorganization resulting in dipole momenmatrix, and we show that the electronic contributionsto

changes of that state relative to the ground state. The principal terms respo ; ; ; ; ; ;
sible for the enhancement based on the two-stges | and 1) and ex- Bominates over possible orientational contributions. At 676

panded multistatétype Il) approximations are shown below the relevant M, the quadratic electroop_tic CoefﬁCiaﬁ_%(_ ;0,0w) |S _
diagrams. 6.7x 10 2° m?/V2 and the third order nonlinear susceptibility
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A~ ,0,00) is 7.0<10° 3 et statCoulomb?, with ~ APPENDIX A: THE ELLIPSOIDAL LOCAL FIELD

both values obtained for a protein concentration of 6.9FACTORS

X 10'® cm™3. The value ofs;;34 — ;0,0) varies linearly The local field factor is defined as a ratio of an amplitude
with protein concentration indicating that the protein, andof the internal fieldE; to that of the external fiel,. The
only the protein, is responsible for the observed hyperpolariocal field factor for a dipole placed in an ellipsoidal cavity
izability. The orientationally averaged second molecular hyyas derived based on the theory of electric polarization de-
perpolarizability( y(— »;0,0)) determined from the qua- gcriped by Onsag&tand Batcher?!
dratic electro-optic coefficients at 676 nm assuming an e have two major effects to be considered to obtain an
Onsager ellipsoidal local field factor is (1G:8.1)  approximate field strength interacting with a dipole inside of
X 107% cm’ statcoulomb?. The value of(y(—®;0,0w))  the ellipsoidal cavity? namely,(1) The cavity field:E,, (2)
increases tenfold to (1@365)x 10~ % cm’ statcoulomb?,  Reaction field:R. The internal fieldE; should be a sum of
when the probe wavelength is decreased to 633 nm. the cavity field and the reaction field, that is,

Quadratic electrooptic effects measured at 633 nm are
enhanced at high incident light intensities. We suggest that Ei=E.+R. (A1)
this enhancement is due to the stationary state accumulatiordditional field that arises from orientation of permanent
of the O intermediate of bacteriorhodopsin, which strongly dipoles and is called the directional fiel}, should be con-
absorbs the irradiation at 633 nm. We were able to compensidered if one works with liquid or gas phase. However,
sate for this source of error by extrapolating the data back tpurple membrane is fixed in the gelatin matrix by the cross

low photon densities. . . linked structure of the gelatin with hydrogen bonds, and the
The y(— »;0,0w) values as a function ab were fittoa  purple membrane is considered to be randomly oriented even
two-state model of the form under the external electric field. The effect from the direc-
Au2 12 tional field is therefore ignored here.
— :0.00)~ K10™ K10 The cavity field for the ellipsoidal cavity is given By
Y10l ~ ©;0,0) 56
(w10~ @)+ wp e
#1o (EC)azfsz(l—fz)Aa Fo.
- = ——+cross terms,
\/wlo(wlo— )"+ wp ae{a,b,c} (A2)

whereA g is the change in dipole momenti,, is the tran- €, is dielectric constant of the matrix ard, is an ellipsoidal
sition moment, ana is the transition energy of the lowest- shape factor given by
lying allowed !B} *-like 7, 7* state. Our weighted nonlin-

o . abc (= ds
ear least squares fit indicates thdt— w;0,00) is strongl -
§ w000 B stondly A || e

enhanced via type Ill processes. That is, the magnitude of
¥(— ;0,00) is dominated by the first term. We calculate  Rs=(s+a?)(s+b?)(s+c?)
that the dipole moment difference between #&¢ *-like ae{a,b,c}
,7* state and the ground state is 12.82 D, in good . N

. . wherea, b, andc are semimajor axes of the ellipsoidal
agreement with the value determined from Stark measure-

cavity.
Tt(a)ngsD)(12.4 D and two-photon  spectroscopy  (13.5 Meanwhile, the linear polarizabilityr,, the reaction

Time-dependent Hartree—Fock methods based on thféeld factorf, and the reaction fiel&®, in thea direction are

MNDO Hamiltonian yield reasonable agreement with ex-JVen as
periment, underestimating(— w;0,0) by factors of only (e,—1) )
24, with the error increasing as the frequency approaches “a~ 311+ (¢,— 1)A,} abc
resonance. The AM1 and PM3 calculations were much less 3 A (1-A,)(e—1)
reliable, and thus we recommend use of the MNDO Hamil- ffm: et (I—ey)A
tonian for calculating hyperpolarizabilities within tivepPAc 2 2/
package. R _ fara

21— faca ¢ J

; (A3)

(A4)

Assuming the direction of the external fielt}, is along the
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62(0){1+(€1(0)) 1 a} 62(0)+2
S5~ ¢,(0) 1 (ey(0) — (0] A (A6) foher— 53—

£ (A17)
by letting e; be a permittivity at an optical frequeney(w) @
and e, a permittivity at static fielde,(0). For afield at an APPENDIX B: RELATION BETWEEN x*(- ;0,0,®)
optical frequency, by assigning; and e, to represent per- AND y(-@;0,0,®)
mittivities at optical frequencieg;(w) and e,(w), respec-
tively, we obtain

ex(w) {1+ (e1(w)—1)A,}

() _ P()— &) ECELE B1
Felless™ ¢ (@) + (ex(0) — x(w)) Ay (A7 Xik (BD

A third order macroscopic polarization at an optical fre-
quencyw is given by

while a microscopic polarizability for each molecule at an

For a spherical cavityA,=1/3. In such a caséA6) is optical frequency is given by

reduced to
(o _e0(e(w)+2) ag PI = i (— 30,00) (Ejoka) i (Eiladkr (Elek)i -
spherical” 2 ¢ (0) + e, (w) (A8) (B2)

which is identical to the Onsager’s local field factor for al—_|/ere, (,j.k,I,...) denotes indices for film coordinates while

i ! ! 1 1 1
spherical cavity. Similarly for the ellipsoidal local field fac- 1£I 2 ’kh’l I) c:eng)rt;]e_s mdlce_s for molecucljar coord_lnc?tesd
tor at optical frequency, a spherical local field factor at an or each molecule. This quantity corresponds fo an induce
optical frequency is obtained frofA7) dipole moment of a moleculé&,, is a local field corrected

electric field and related to external field as
e(w)(e(w)+2)
f(w) _

0
oA e (o)t eq(w) (A9) (EP ocadi = (Fipsdivj (EL7). (B3)

In a more simple physical picture than the Onsager'sThe third order polarization can be related to the microscopic
model, where the reaction field is not taken into account, th@olarizability with the local field factors
local field can be written as sum of an external field and a
polarization field inside an ellipsoidal cavity or a spherical p<w)_2 RS, (f L(plehys, (B4)
cavity. The extent to which the polarizatid®, affects the i (sl (P

internal field is given by the depolarizing tendor - . . I
g y P 9 Similarly, relation between the macroscopic susceptibility

E;=Eo+4mL-P,. (A10)  x® and the microscopic susceptibilityis

Substltu'tmng.:(_62—1)EO/477, wheree, is a permittivity Xf,?’)( ©;0,00)=N(Rim'Rjn'Ryor Rlp’f(w)
of the dielectric, into(A10) and rearrangement yields

(0) £(0) ¢(w)
Ei=[l1+(e;—1)L]-Ey. (A1) XYy (—@;0,0w) 50 F00 8700

j'n’
The diagonal components &f, L, are equal toA, when (BS)
the shapes of the molecule and the cavity are ellipsoidaR®, is a tensor that converts a molecular coordinatestbf

Consequently, the internal field is given by moleculei’ to a coordinaté fixed in the film. For simplicity,
E,=[1+(e,—1)A]-Ey. (Al2) We will ga](?ulate an orientationallaverage of the micrpscopic
. . susceptibilityy and try to relate it to the macroscopic sus-
BecauseA is a diagonal tensor, ceptibility x.
E=[1+(e,— 1)A,]E,, N The orientational average (:)fcan be obtainet_:l by exam-
(A13) ining the symmetry of permutations of the applied fields for
aef{a,b,c}. the expression ofy(— w;0,0w) given by Orr and Wartf

and by taking known nonzero componentsydr the point
group of the moleculgC; in this casg into account. By
neglecting the damping terms, their expression can be re-
duced in the near resonance or resonance region to

Assuming the direction of the external fielit}) is along the
semimajor axis of the ellipsoida, the Lorentz-type local
field factor for the ellipsoidal cavity is thereby defined as

felllpse 1+(ex)(w)—1)A,. (A14) _
] ] ] Yirjrkn!(— 0, 01,02,03)
For a spherical cavityA,=1/3. Then(A14) is reduced to 5
:4K( W, ,(1)2,(1)3)( - h) I -0,1,2,3
62((1))+2
sphere” 3~ (A15) v (9l i D o [m)(m| i [In)(n[ 0| 9)

Imn#g (wlg - w(r)(wmg_ w1~ wz)(")ng_ w1)

feu.pse or spher@€ also defined for the Lorentz-type local field
factors similarly to those defined for the Onsager type local (9l i [m)(ml i/ |9)(gl i N)(N[ i | Q)
field factors B

Imn#g (wmg_ w(r)(wng_wl)(wng+w2)
felllpse 1+(€e(0)—1)A,, (A16) (B6)
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muting — w,,, w;, w,, andwz andK is a numerical factor

with labels in(B6) and whose value depends on the presence,

of zero frequencies and repeated frequency in thewset
w1, Wy, andws. w;: is a ground state dipole moment of the
chromophore along’ direction in the molecular coordinate.
[n) and|g) denote state vectors forrah state and a ground
state of the chromophore, respectively.

By noting that: (1) two of the four frequencies in Eq.
(B6) are equal, i.e., either 0 av, (2) Eg. (B6) allows ex-
change between the indicesandj’ and betweerk’ andl’

(3) all components are nonzero fGy symmetry, one obtains
the orientationally averaged value ¢ffor a tensor compo-
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