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In situ determination of induced dipole moments of pure
and membrane-bound retinal chromophores

Th. Rasing*
Department of Physics, University of California, Berkeley, California 94720

and Center for Aduanced Materials, Lawrence Berkeley Laboratory, Berkeley, California 94720

J. Huang and A. Lewis
Department ofApplied Physics, Cornell Uniuersity, Ithaca, New York I4853

T. Stehlin and Y. R. Shen
Department of Physics, Uniuersity of California, Berkeley, California 94720

and Center for Aduanced Materials, Lawrence Berkeley Laboratory, Berkeley, California 94720
|,'Received 22 August 1988; revised manuscript received 27 February 1989)

By using the technique of optical second-harmonic generation, we have succeeded in obtaining
the orientation, spectrum, and the change in dipole moment upon optical excitation for monolayers
of retinal chromophores, which are of relevance for visual excitation. The change in dipole moment
of the chromophore embedded in the purple membrane of Halobacterium halobium is found to be
identical to that of the free chromophore. The spectrum of all-trans retinal monolayers exhibits a
subsidiary one-photon forbidden peak in addition to the main absorption peak.

The molecular basis of visual excitation is a subject of
considerable interest in modern biophysics. A visual pig-
ment consists of a chromophore covalently bound to a
protein molecule embedded in a membrane. Light energy
absorbed in the chromophore is converted via a series of
chemical reactions into a proton gradient across the
membrane that eventually leads to a signal to the optical
nerve. Bacteriorhodopsin (bR) is a protein related to
visual pigments that is found in the purple membrane
that grows in the bacterium Halobacterium halobium. ' In
bR and all visual pigments the chromophore is a deriva-
tive of retinal (vitamin A aldehyde). There are many
striking similarities between bR and visual pigments,
such as the spectral changes induced as a result of photon
absorption. Because it is generally believed that one of
the primary events in bR and the visual process is a pho-
toisomerization of the retinylidene chromophore in the
excited state, a detailed knowledge of the excited-state
properties of the chromophore is essential. ' Experimen-
tally, this is hard to obtain, especially for the most
relevant case of a chromophore inside the optical mem-
brane. In particular, one has never been able to measure
the change in dipole moment upon excitation of the chro-
mophore in the membrane, a quantity important for
modeling the photochemistry.

In this paper, we show how one can use the technique
of optical second-harmonic generation (SHG) to study
monolayers of retinal spread at an air-water interface to
obtain information about the orientation, excited states,
and difference in dipole moment Ap between the excited
and ground state of the chromophore in its pure form
and in the membrane-bound bR.

The effectiveness of SHG as a surface and monolayer
probe stems from the fact that in the electric-dipole ap-

proximation, SHG is forbidden in centrosymmetric
media, but necessarily allowed at interfaces. Recently it
has been shown that SHG can be used to obtain the hy-
perpolarizability of some organic molecules by spreading
a monolayer of such molecules on water in a Langmuir-
Blodgett (LB) trough. This has the advantage of study-
ing molecules in a more controlled way. Also, biological
membranes can be simulated by LB films. In most cases
the bulk contribution of the water substrate to the SHG
signal can be neglected. In other cases it can be subtract-
ed.

The SHG from a monolayer of molecular adsorbates is
governed by a surface nonlinear polarization

P',"(2co)=y,'":E(co)E(co) .

With local-field corrections neglected, the nonlinear sus-
ceptibility y,' ' is related to the molecular hyperpolariza-
bility a ' by

~(2) —N ( TAIv)~(~2)

Here, X, is the surface density of the molecules and
( Tjtt", ) describes the coordinate transformation between
the molecular (g, g, e) system and the laboratory (x,y, z)
system, averaged over the molecular orientations.

By a proper combination of input and output polariza-
tions, various g,' k components are accessible. To obtain
ct ', a detailed knowledge of (T tk ) is necessary, but
generally this is not always possible. However, the situa-
tion is greatly simplified when e ' is dominated by a sin-
gle component along one of the molecular axis e and the
latter has a random azimuthal distribution around the
surface normal z. The nonvanishing elements of g,' ' can
then be written as
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where 0 is the polar angle between e and z. For an or-
dered monolayer of retinal molecules on a water surface,
the orientational distribution is expected to sharply peak
in a certain direction and can be approximated by a 5
function. Then, from Eq. (3) it follows that a measure-
ment of any two linear combinations of y,','„and g,',';;

will yield a value for a',«and 0.
The two lowest singlet excited states of retinal possess

B„-like and Ag-like symmetry, assuming an effective C2&
point-group symmetry for the molecule. Excitation into
the first excited ir~' (B„)state is accompanied by a large
charge transfer along the long axis of the molecule. ' In
such a case a'„,' dominates and can be described by

~(2) —~(2)+~(2)
Ct llr (4)

Here, a(, ' is the contribution due to the charge transfer
connected with the main optical absorption band of the
chromophore and a'„,' is the total nonresonant contribu-
tion. Assuming a two-level system, a,(, ' can be written
as9, 10

(2)
2 C00

&ct =
2m' (neo —cu )(coo—4~ )

(5)

where ficoo is the excitation energy, f its oscillator
strength, Ap the difference between the dipole moment of
the excited state and the ground state, and %co is the ener-
gy of the incident laser.

The validity of Eq. (5) can be checked by comparing
the a( ' values as obtained from the SHG results with
known values of hp for a series of retinal derivatives.
Knowing that Eq. (5) holds, we can then use SHG as a
probe to measure the unknown hp of the chromophore in
the membrane. Equation (5) also shows that SHG can be
exploited to obtain information about the excitation ener-
gy Scop. by scanning the incident pump frequency co, a' '

w111 be resonantly enhanced whenever cop=co or cop=2am.

PNRB

FIG. 1. Structure of molecules studied (see text for abbrevia-
tions).

[Note that close to resonance, Eq. (5) has to be modified
to include damping. ' ]

For the SHG experiments we used a Q-switched
Nd:YAG (YAG is yttrium aluminum garnet) laser at
1.064 pm and its frequency-doubled output at 532 nm as
the pump beam. For frequency tuning, a Nd: YAG
pumped dye laser was used. The intensity at the surface
was less than 20 mW focused onto a 7-mm spot. The
surface SHG signal was calibrated against the signal from
a thin quartz crystal with a bulk nonlinear susceptibility
g,' „'„„=2.2 X 10 esu. "

To establish the relation between a' ' and Ap we mea-
sured a( ' of three retinal derivatives: all-trans retinal
(ATR), all-trans retinylidene butylamine Schiff base
(NRB), and protonated NRB (PNRB), for all of which
Ap is known. Figure 1 shows the structure of the mole-
cules and the choice of the molecular e axis.

Monolayers were prepared by spreading an appropriate
amount of solution of the molecules in methanol or hex-
ane on the water surface. Because NRB and PNRB are
slightly soluble in water, their SH intensities were com-
pared with those obtained from spin coated monolayers
on glass substrates, carefully prepared to get the same
surface density of molecules. We found good agreement
in the two cases.

Table I summarizes the measured values of a' ' and the
comparison with Eq. (5). The oscillator strengths in

TABLE I. Molecular hyperpolarizability a' ' and change in dipole moment upon excitation Ap for
the retinal chromophores studied. ko equals the peak position of main absorption band and f equals
the oscillator strength. The Ap values are given relative to that of ATR at 1.064 pm.

ATR
NRB
PNRB
PNRB

'From Ref. 12.
At 532 nm.

'At 1.064 pm.
dFrom Ref. 10.

Ap

{nm)

380
365
430
566

0.81
0.98
0.91
0.90

(2) b

(10 esu)

1.4
1.2
2.3
1.5

(2)c

t'10-" esu)

1.3
1.1
2.5

11.0

1.30
0.93
1.50
0.60

1

0.84
0.86
0.91

1

0.69
1.03
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FIG. 2. SHG spectrum of a11-trans retina1 at an air-eater in-

terface.

Table I were obtained from the absorption spectra of the
various molecules. ' The results show that the retinal
molecules indeed have a very large nonlinearity
(a'~'-10 esu) that is dominated by the resonant part
a', , '. Within the experimental errors ( —15%%uo) the rela-
tive values of hp obtained from the SHCi results using
Eq. (5) correlate quite well with those obtained from the
Stark-shift measurements. [Note: The absolute values
of bp as calculated from Eq. (5) are a factor of 2 larger
than those from Ref. 8, which is still a fairly good agree-
ment considering all the local-field corrections that one
has to take into account to analyze Stark-shift data and
the fact that here all local-field effects have been neglect-
ed. ]

In order to obtain further direct information about the
excited states of the chromophore and the effect on hp in
the monolayer structure, we have measured y,' '(co) for a
monolayer of all-trans retinal by scanning the pump
beam and measuring the corresponding SHG signal. The
results plotted in Fig. 2 show two resonances: one at
co=335 nm and one at ~=360 nm. The main absorption
band of all-trans retinal in solution peaks at 380 nm (at
300 K). Two-photon spectroscopy at 77 K shows the
same band at 388 nm as well as an additional 3 -like
band at 429 nm. ' Based on this information we can as-
sign the two resonances as due to the 8„-like main ab-
sorption band at 335 nm and the one-photon-forbidden
3 -like band at 360 nrn. Both states appear to be blue
shifted from those of molecules in solution by approxi-
mately the same amount.

Our observation of the one-photon-forbidden excited
state is also very interesting. Such states are believed to
be important for the biological function of many photon-
receptor chromophores due to their proximity and mix-
ing with the main one-photon-allowed absorption band,
but so far as we know they have never been observed for
a single chromophore monolayer. The effect of the

above-mentioned blue shift on the deduction of Ap is
negligible for all-trans retinal ( —l%%uo). The good agree-
ment between Ap derived from our experiment and those
from Ref. 8 suggests that the similar spectral shifts of
NRB and PNRB rnonolayers on water versus molecules
in solution should not be very significant. These spectra
have not yet been measured, but work is in progress to do
so. (For multilayers of PNRB on glass, the linear absorp-
tion appeared to be blue shifted to 430 nm from 445 nm
in solution. )

%'ith this information about the excited states we can
now exploit the correlation between A(2) and Ap by using
SHG to determine hp of PNRB in a monolayer of purple
membrane of Halobacterium halobium [bp(PNRB*)]. In
order to make a quantitative comparison, the effect of
different dielectric environments between the free and
bounded chromophores cannot be neglected. This can be
estimated as follows. The boundary conditions for the
electromagnetic fields at the interface lead to a factor of
1/e,' in the Fresnel factors, where e' indicates the dielec-
tric constant of the interface layer. ' As a result, what we
have measured is the effective susceptibility
gg eg gg /E'z Also due to the large red shift of the
chromophore absorption band in the membrane (from
445 to 568 nm), we have to modify Eq. (5) to include
damping,

' because either the excitation wavelength
(when we use 532 nm) or the SHG wavelength (when we
use 1.064 pm as excitation) is close to the charge-transfer
resonance.

Including all these effects one can write

bp(PNRB" ) jef(PNRB )ePNRB+sg(8)C~

~p(PNRB ) g g (PNRB)ePNRBX&*g *(8)C~

Here, g(8) =
—,
' sin 8cos8, C =a' '/b, p (including the

eÃects of oscillator strength and damping), and the super-
script + denotes the membrane case. For the pure
PNRB monolayer at N =2.5X10' cm and a linear

43
polarizability a"'=80 A (see Ref. 8), it follows from
Ref. 15 that epNR&-—1. In the membrane, the chrorno-
phore molecules are farther apart (N, /X, '=50), so that
the local-field effects due to the intermolecular interac-
tions on e can be neglected and epNRg mainly results from
the surrounding protein molecules. Due to their large
hydrocarbon content, we estimate that the index of re-
fraction of the membrane is 1.5, yielding ep~RB=2. 25,
which is similar to the choice of a=2 for the protein en-
vironment in Ref. 8. From 8'=66' (Ref. 16) and 8=50'
(from our SHG results), we find g(8)/g*/(8)=1. 12.
With C /C„*=0.6, this yields Ap(PNRB*)/bp(PNRB)
= 0.4 for the 532-nm excitation wavelength. The prob-
lem with this latter excitation is that it bleaches the mem-
brane, ' which does not happen at 1.064 pm. There we
find hp(PNRB*)/hp(PNRB) = 1.1 (see also Ref. 12).

These results show that the change in dipole moment
of the PNRB chromophore embedded in the membrane is
about equal to that found for the free chromophores. To
our knowledge, this is the first time that this important
parameter has ever been determined experimentally. Of
course, the result for hp depends on the choice of e'. As
an additional test, we have purposely bleached the mem-
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brane to modify the chromophores only. The results
were consistent with those reported above and indicated
that our choice for e* is reasonable.

In conclusion, we have shown how the monolayer sen-
sitivity of optical second-harmonic generation can be ex-
ploited to obtain information about the biologically very
important retinal chromophores. We have measured the
change in dipole moment upon optical excitation in the
chromophore inside an optical membrane for the first
time and found it to be the same as for the free chromo-
phore. We have also shown that SHG provides a fairly
simple way to obtain spectral information about the chro-
mophores, and measured both the B„-like and A -like
states of a monolayer of all-trans retinal at an air-water
interface. Finally, we believe that this technique could

readily be extended to other relevant biological and
chemical applications which require the investigation of
dipolar and structural relationships between related sys-
tems.
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