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Quantitative measurements of second-harmonic generation optical activitysSHG-OAd have been
performed fora-helical polypeptides poly-sg-benzyl-L-glutamated and poly-sg-ethyl-L-glutamated
adsorbed at the air/water interface, with the fundamental frequency"v=2.96 eVsl=417 nmd. The
chiral component of the nonlinear susceptibilityxXYZ

s2d is small for both polymers, being comparable
in magnitude with the susceptibilityxXXZ

s2d of the clean air/water interface. The microscopic origin of
the nonlinear response has been investigated by using semiempirical ZINDO/S calculations in
conjunction with standard time-dependent perturbation theory to evaluate the molecular
hyperpolarizability tensor of a modela-helix composed of glycine residues. Calculated nonlinear
susceptibilitiessper monomer unitd are in good agreement with experimental measurements for both
the chiral and achiral response. The computational results indicate that charge transfer transitions of
the a-helix have a large influence on the achiral components of the hyperpolarizability tensor, and
produce characteristic features in the response under suitable experimental conditions. The
dominant origin of SHG-OA for the modela-helix is a structural effect due to the tilt of the plane
of each amide group of the helix relative to the helical axis. SHG-OA is associated with the
orientational distribution of isolated, achiral chromophores, and is present in the absence of
electronic coupling between the amide subunits of the polypeptidea-helix. © 2005 American
Institute of Physics. fDOI: 10.1063/1.1862613g

I. INTRODUCTION

1Chirality is ubiquitous in biomolecules. Its manifesta-
tions in optical activity of biomolecules in linear optics are
well known and include optical rotation and circular
dichroism.1 In contrast, chiral effects in nonlinear optics are
relatively new, and there are only a few reports ofnonlinear
optical activity of biomolecules.2,3 Second-harmonic genera-
tion optical activitysSHG-OAd has been observed for a va-
riety of chiral interfaces and thin films,2 and is well under-
stood on a phenomenological level as a material response of
a macroscopically chiral surface,4 i.e., a surface that lacks
mirror planes. SHG-OA is generally observed as a differen-
tial response in SHG for left- and right-hand circularly po-
larized fundamental light incident on the surface. Several
reports have described SHG-OA of biomolecular
interfaces.2,5–7 However, the microscopic origin of SHG-OA
is not well understood, and thus the potential of SHG-OA for
probing the structure and organization of biomolecular inter-
faces is not known.

Recently, Conboy and Kriech5,6 sCKd reported SHG-OA
measurements for the peptide melittin adsorbed on a planar
supported lipid bilayer. In the work of CK the fundamental
radiation was in the wavelength regionl=410–470 nm,
such that the second-harmonic wavelengthl /2 was close to
resonance with the amide transitions of the peptide back-
bone,,220 nm. It is well known that this UV region shows

characteristic features in circular dichroism spectroscopy
which are diagnostic of the secondary structures of polypep-
tide chains.8 CK suggested that the SHG-OA response of
adsorbed melittin was associated with amide chromophores
of an a-helical peptide backbone. However, each unit of
melittin includes a tryptophan residue, so it is not clear
whether the SHG-OA effects observed by CK were associ-
ated with the peptide backbone of melittin or with the aro-
matic side chain. The possibility of contributions from aro-
matic amino acids is shown by previous work from this
laboratory in which a significant SHG-OA response was ob-
served for simple tryptophan derivatives adsorbed at the air/
water interface.7

In this work we have investigated the specific SHG-OA
response of a polypeptidea-helix adsorbed at the air/water
interface, with the fundamental wavelengthl=417 nm. Two
polypeptides, poly-sg-benzyl-L-glutamated sPBLGd 1 and
poly-sg-ethyl-L-glutamated sPELGd 2, were studied as Lang-
muir films spread on water:

It is well established that these polymers adopta-helical con-
formations at the air/water interface, with the long axis of the
helix parallel to the interfacial plane.9 Here we report the
observation of a small SHG-OA response for PBLG and
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PELG, which is associated with thea-helical conformation
of the polypeptide chain. We also report the results of com-
putations using a sum-over-states approach to calculate the
molecular hyperpolarizability tensor of a modela-helix com-
posed of glycine residues. The calculations provide insight
into the microscopic origin of the chiral and achiral compo-
nents of the SHG response of a polypeptidea-helix. In par-
ticular, we highlight the important role of the orientational
distribution of the chromophoric subunits of the polypeptide
molecular structure. It is shown that the SHG-OA response
can be understood in a simple way as arising from a small tilt
of the planes of the individual amide chromophores relative
to the long axis of the helix. A similar structural origin for
SHG-OA of chiral interfaces composed of achiral chro-
mophores has been proposed by Simpson and
co-workers.10–12 In this work we present a detailed investi-
gation of this effect for the particular case of a polypeptide
a-helix.

II. EXPERIMENTAL SECTION

PBLG and PELG from Sigma-Aldrich were spread at the
air/water interface from,1 mg/ml solutions in HPLC grade
chloroformsFisher Scientificd. The degree of polymerization
quoted by the manufacturer was,500 for PBLG and,1700
for PELG smeasured by viscosityd. The surface pressure was
monitored by using a NIMA model 102M Langmuir film
balance fabricated from polystetrafluoroethylened and
equipped with a Wilhelmy plate surface pressure sensor. The
Wilhelmy plate was a strip of chromatography paper. Milli-Q
s18 MV cmd water was used as the subphase. All measure-
ments were at room temperature, 22 °C.

Details of the laser source and experimental arrangement
for SHG-OA measurements have been described previously.7

Laser pulses with duration,80 fs from a 1 kHz regenerative
amplifier operating at 834 nm were frequency doubled to
417 nm in a BBO crystal. The intensity and polarization state
of 417 nm radiation were controlled by using a Berek’s po-
larization compensator followed by a Glan-laser calcite po-
larizer and a zero-order quarter-wave retardation plate. The
laser beam was focused on the air/water interface with a
30 cm focal length lens, with the pulse energy,5 mJ at
417 nm. The angle of incidence was 60°. Reflected second-
harmonic radiation withl,208 nm was resolved inp- or
s-polarization components by using a MgF2 Rochon prism
and detected on a solar-blind photomultiplier tube. A Pellin–
Broca prism and a pair of dichroic mirrors were used to
reject light at the fundamental frequency. The SHG signal
from the air/water interface was normalized for intensity
fluctuations of the fundamental by using a reference SHG
signal from a quartz plate that was measured simultaneously
with the sample signal.

III. COMPUTATIONAL METHOD

The ZINDO/S semiempirical method implemented in the
Gaussian program packageG98W sRef. 13d was used to cal-
culate the electronic structure of a model polypeptidea-helix
composed of seven glycine residues. The parametrization of
ZINDO/S was that of Ridley and Zerner14 and Bacon and

Zerner.15 Excitation energies and electric dipole transition
moments for 80 excited electronic states were derived from a
CIS calculation including 30 occupied and 30 unoccupied
molecular orbitals of the ground electronic state of the
a-helix. Transition moments were calculated for transitions
from the ground state to all excited states and for transitions
between all excited states. Static molecular dipole moments
of the ground and excited electronic states were calculated
from density matrices for the electronic states available in
the G98W checkpoint file.16 Similar calculations were per-
formed for the individualN-methylacetamidesNMA d sub-
units of thea-helix. For these calculations, 50 excited elec-
tronic states were derived from a CIS calculation including
ten occupied and ten unoccupied molecular orbitals of the
ground electronic state of the NMA monomer. This compu-
tational approach has been shown to give good results for the
spectroscopic properties of simple amides, including excita-
tion energies and transition dipole moments.17,18 Our results
for the ground and low lying excited states of NMA compare
favorably with experimental measurements andab initio cal-
culations on NMA and related amides.19,20

The molecular hyperpolarizability tensorbi jksvd was
calculated by substituting the results of the ZINDO/S calcu-
lations in the appropriate sum-over-states expression21 from
standard time-dependent perturbation theory. The expression
for SHG with all quantities expressed in atomic units is
given in Eq.s1d. The first and second terms in Eq.s1d are
sums,

bi jksvd =
1
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over all pairs of excited electronic statessn,n8d, and over
individual excited electronic statesn, respectively. The
ground electronic state is designatedg. The quantitiesmgn8

i

andmnn8
i are Cartesian components of electric dipole transi-

tion matrix elements,mgn8
i =−kgur iun8l, andDmn

i =smnn
i −mgg

i d
is the difference in static molecular dipole moments between
ground and excited electronic states. The quantitiesA, B, C,
D, and E are given in Eqs.s2d–s6d, where« is the energy
corresponding to the incident laser frequency and«ng is the
excitation energy of staten. Damping was included in the
calculations by

A = fs«n8g − «ds«ng
* + «dg−1 + fs«n8g

* + «ds«ng − «dg−1, s2d

B = fs«n8g
* + 2«ds«ng

* + «dg−1 + fs«n8g − 2«ds«ng − «dg−1, s3d

C = fs«n8g − «ds«ng − 2«dg−1 + fs«n8g
* + «ds«ng

* + 2«dg−1, s4d

D = fs«ng − «ds«ng
* + «dg−1, s5d
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E = fs«ng
* + 2«ds«ng

* + «dg−1 + fs«ng − 2«ds«ng − «dg−1, s6d

using the substitutions«ng→«ng− iG and «ng
* →«ng+ iG,21

with G=0.01 hartree in all calculations.
As a test of the computational method, calculations of

bi jksvd were performed for the molecules aniline, nitroben-
zene andpara-nitroaniline, which have been the subject of
similar calculations by several groups.22–26 Calculations that
included 50 excited states of the molecules in Eq.s1d pro-
duced results that were consistent with those of previous
studies, in particular, for the signs and magnitudes of the
dominant elements ofbi jksvd for "v=1.17 eV. A summary
of the results of these calculations has been made available
as supplementary material.27,36

The right-handed a-helix with stoichiometry
CH3–sCO–HN–CH2d7–H had standard torsional anglesf
=−58° andc=−47° andtranspeptide bondssv=180°d. The
structure was prepared by usingHYPERCHEM modeling
software,28 and incorporated standard structures for the gly-
cine residues provided byHYPERCHEM. The a-helix had 3.6
residues per turn, and thus seven glycine residues comprise
almost two full turns of the helix. The long axis of the helix
szd was coincident with the inertial axis of a parenta-helical
structure that was made up of twenty glycine residues. The
model a-helix is shown in Fig. 1sad. Figure 1sbd shows the
division of the structure into seven NMA monomers that
have the same orientations as the glycine residues. Figure
1scd is a view down the long axis of the helix in which only
the carbonyl groups of the structure are shown. This end-on
view shows that each carbonyl group is tilted away from the
long axis of the helix.

IV. RESULTS AND DISCUSSION

A. Measurement of nonlinear susceptibilities

A chiral, isotropic surface has full rotational symmetry
about the surface normalZ, but lacks mirror planes perpen-
dicular to the surface. The nonlinear susceptibility tensor

xIJK
s2d has four nonzero elements:IJK=ZZZ,ZXX,XXZ,XYZ,

of which onlyXYZ is specific to chiral surfaces. The remain-
ing elements are in general nonzero for both chiral and
achiral surfaces. It is convenient to express the intensity of
second-harmonic radiation in terms of effective susceptibili-
ties f, g, andh, as shown in equation given below, whereEp

andEs are complex amplitudes of incidentp- ands-polarized
fundamental radiation:29

I2v = ufEp
2svd + gEs

2svd + hEpsvdEssvdu2. s7d

Effective susceptibilitiesfp, gp, andhp apply for p-polarized
second harmonic, andfs, gs, and hs apply for s-polarized
second-harmonic radiation. The effective susceptibilities can
be measured by observing the variation of second-harmonic
intensity with the polarization state of fundamental radiation.
Maki et al.29 have given details of this procedure for the case
of continuous variation of the polarization state of the fun-
damental by rotation of a quarter-wave retardation plate. In
practice one measures rotation tracesI2vswd of the intensity
of s- or p-polarized second harmonic as a function of azi-
muthal anglew of the quarter-wave retardation plate. The
explicit form of I2vswd is given below for the particular case
of s-polarized second harmonic, and with the dependence on
intensity of fundamental radiation factored out:

I2vswd = 1
16f− fs1 − 4fs2 cos 2w + fs1 cos 4w

+ hs1 sin 4wg2 + 1
16f− fs2 + 4fs1 cos 2w

+ fs2 cos 4w + 2hs1 sin 2wg2. s8d

In this case the effective susceptibilitygs=0, assuming that
only electric dipole interactions are important.4 In Eq. s8d,
the second subscripts 1 and 2 refer to real and imaginary
parts of the effective susceptibilities, respectively. There are
thus three real-valued quantities that fully describe the rota-
tion trace fors-polarized second harmonic:fs1, fs2, andhs1,
of which fs1 and fs2 are nonzero only for chiral surfaces and
hs1 is in general nonzero for both chiral and achiral surfaces.
An attractive feature of this experimental approach is that the
chirality of a surface is immediately apparent in the rotation
trace I2vswd, which is asymmetric aboutu=180° for chiral
surfaces and symmetric for achiral surfaces.

Figure 2 shows rotation tracesI2vswd for PBLG and
PELG and also for the soluble surfactant dodecylbenzenesul-
phonic acidsDBSAd adsorbed at the air/water interface. All
traces are normalized to a SHG signal that was recorded for
a quartz plate in the reference channel. DBSA was selected
as an achiral reference for comparison with the chiral poly-
mer films. It can be seen in Fig. 2 that the rotation traces for
PBLG and PELG are distinctly asymmetric aboutw=180°,
while the trace for DBSA is symmetric, as expected for chi-
ral and achiral surfaces, respectively. Nonlinear susceptibili-
ties were measured by fitting the rotation traces to Eq.s8d,
and using the expressions given by Maki, Kauranen, and
Persoons to calculatexXXZ

s2d from hs andxXYZ
s2d from fs. Abso-

lute values were estimated by comparison with separate mea-
surements for a clean air/water interface, for which absolute
values ofxXXZ

s2d have been reported.30,31The results for PBLG
and PELG are summarized in Table I.

FIG. 1. Model right-handeda-helix composed of seven glycine residues.sad
Illustration of molecular structure showing carbon, oxygen, and nitrogen
atoms in progressively darker shades of gray. Hydrogen atoms are shown in
white. sbd Division of modela-helix into sevenN-methylacetamide mono-
mers, with the orientations of the amide groups preserved.scd End-on view
of model a-helix, showing only the carbonyl groups. Note that the CO
bonds are tilted away from the long axis of the helix.
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The rotation traces for PBLG and PELG in Fig. 2 were
recorded for as-spread films at the air/water interface, with
no subsequent compression of the films with the moveable
barriers of the trough. From observations of the surface
pressure-area isotherms of the polymer films in separate
measurements, it was seen that the surface pressure for the
SHG measurements was just below the onset of a steep rise

in surface pressure. The area per monomer was greater than
,21 Å2. Under these conditions the polymer rods lie parallel
to the surface and form solidlike two-dimensional islands
which coexist with small residual areas of bare water
surface.9 If the polymer islands are small compared to the
area of the incident laser beamswith spot diameter
.150 mmd and have random orientations in the surface
plane, then the surface is effectively isotropic. A significant
departure from in-plane isotropy could introduce a chiral
contribution to the SHG response, even in the case where the
molecules of the monolayer are achiral.32 We repeated the
measurements of rotation traces on different areas of the sur-
faces and following rotation of the trough with respect to the
surface normal. No indication of anisotropy in the orienta-
tional distribution of PBLG or PELG polymer rods was ob-
served. Therefore, the chiral contributions to the rotation
traces for PBLG and PELG in Fig. 2 are not attributable to
anisotropy of the surfaces, but rather arise from the chirality
of the polymer molecules.

The results in Table I show that PBLG and PELG
monolayers have similar chiral contributionsxXYZ

s2d to the
nonlinear susceptibility. The absolute values ofxXYZ

s2d for
PBLG and PELG are relatively small, being comparable in
magnitude to the achiral susceptibilityxXXZ

s2d of the clean air/
water interface. It is interesting to note that thexXYZ

s2d for
PBLG and PELG withl=417 nm are similar in magnitude
to xXYZ

s2d for tryptophan derivatives at the air/water interface
with l=564 nm suxXYZ

s2d u<0.5310−22 m2 V−1d.7 These first
quantitative measurements of SHG-OA for biomolecules
therefore suggest that the effect may generally be rather
small.

B. Calculation of nonlinear susceptibilities

In the following we illustrate general features of the non-
linear susceptibility of a monolayer ofa-helices by describ-
ing computational results for the modela-helix in Fig. 1. We
also describe aspects of the microscopic origin of the nonlin-
ear response suggested by the ZINDO/S computational
model.

The elements of the macroscopic nonlinear susceptibility
tensorxIJK

s2d were calculated by averaging the molecular ten-
sor bi jk over the orientational distribution of thea-helix.10 It
was assumed that both the twist angle of the helix about its
long axis and the orientation of the long axis about the sur-
face normal were randomly distributed, as expected in the
experiment. The long axis made a tilt angleu with the sur-
face normal. In Fig. 3 we show the magnitudes of the effec-
tive susceptibilitiesfp, gp, fs, andhs calculated fromxIJK

s2d as
a function of the tilt angleu. The fundamental frequency in
the calculations was"v=2.96 eV, which corresponds with
the wavelengthl=417 nm used in the experiment. The plots
in Fig. 3 were calculated for an assumed square distribution
of the tilt angle about the mean value, with the angular width
of the square distribution set to 10°. Closely similar results
were obtained for angular widths of 0° and 30°. Note that the
achiral susceptibilitiesfp, gp, and hs go to zero atu=90°,
with the long axis of the helix in the surface plane. A van-
ishing achiral response is expected for helices lying flat on

FIG. 2. Rotation tracesI2vswd for the polypeptides PBLG and PELG and for
the achiral surfactant DBSA adsorbed at the air/water interface. The solid
lines are fits of the data to Eq.s8d. Note that the traces for the chiral
interfaces PBLG and PELG are asymmetric aboutw=180°, and the trace for
the achiral interface DBSA is symmetric.

TABLE I. Nonlinear susceptibilities of PELG and PBLG monolayer films at
the air/water interface, with"v=2.96 eV. N is the density of monomer
constituents in the polmer films.fs andhs are effective nonlinear suscepti-
bilities normalized to the susceptibilityhs measured for the clean air/water
interface in this work. Two values forxXYZ

s2d and xXXZ
s2d shown on separate

lines were derived by using alternative values ofxXXZ
s2d for the clean air/water

interface as shown in the table. The linear optical properties of the mono-
layers were assumed to be those of water.

PELG PBLG Air/water interface

Ns31018 m−2d 3.2 3.0 ¯

fs 0.28+0.14i 0.38+0.07i ¯

hs 1.5 4.1 1.0

xXYZ
s2d s310−22 m2 V−1d 0.087+0.043i 0.12+0.022i ¯

0.29+0.14i 0.39+0.072i ¯

xXXZ
s2d s310−22 m2 V−1d 0.38 1.0 0.25a

1.2 3.4 0.84b

aReference 30,"v=2.33 eV
bReference 31,"v=2.33 eV.
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the surface, because in this case there is no polar order in the
monolayer. The chiral susceptibilityfs shows a different be-
havior, being nonzero atu=90° and 0°. The magnitude of the
chiral response should vary asucos2sud−sin2sud /2u, with
maxima at u=0 and 90° and a vanishing response atu
=54.7°.10 From these considerations we should expect that
PBLG and PELG monolayers at the air/water interface show
a vanishing achiral response and a nonvanishing chiral re-
sponse. However, we must also consider that a small achiral
contribution is expected due to the response of the bare
air/water and polymer/water interfaces.

Our results are consistent with the above picture in
which an additional achiral component accompanies the chi-
ral response that is intrinsic to the polymer molecules. As
shown in Table I, the achiral contribution is significantly
larger for PBLG than for PELG. Such an achiral contribution
could arise due to asymmetry in the conformations of the
ester side chains on the air and water sides of thea-helix.
The observation of a more pronounced effect for PBLG may
be anticipated from the expected higher nonlinearity of the
benzyl-containing side chain of PBLG compared with the
ethyl-containing side chain of PELG.

In Fig. 4, calculated achiralufpu, ugpu, uhsu, and chiralufsu
susceptibilities are shown as a function of photon energy of
the fundamental radiation. The tilt angle wasu=0° for the
achiral susceptibilities andu=90° for the chiral susceptibil-
ity, i.e., the long axis of the modela-helix parallel and per-
pendicular to the surface normal, respectively. Also shown in
Fig. 4 is a calculatedsZINDO/Sd absorption spectrum of the
modela-helix and an experimental absorption spectrum33 of
poly-sg-methyl-L-glutamated sPMLGd in trifluoroethanol.
The calculated spectrum was produced by broadening all
transitions with a Lorentzian line shape with FWHM
=0.43 eVsFWHM—full width at half maximumd. There is a
close correspondence between the calculated and experimen-
tal absorption spectra, which indicates that the ZINDO/S

model produced reasonable results for the excitation frequen-
cies of the amide groups of thea-helix. Note that in com-
paring the modela-helix with PMLG we have ignored the
–COOCH3 groups of PMLG. This is reasonable because
these groups make a negligible contribution to the UV spec-
trum of in the region of interest.33 The absorption spectra in
Fig. 4scd are shown on an energy scale"v /2, in order to
facilitate comparison with the nonlinear susceptibilities. It is
clear from this comparison that both the chiral and achiral
susceptibilities are resonantly enhanced at the two-photon
level, in the region of the amidep-p* transition of the mono-
mer NMA. The corresponding single-photon excitation en-
ergy of NMA is near 6.8 eVsexperimental valued sRef. 19d
and the calculatedsZINDO/Sd value is 6.6 eV.

C. Achiral contribution to nonlinearity

Experimental measurements have been reported for the
sign and magnitude of the vector part of the hyperpolariz-
ability of PBLG dissolved in 1,2-dichloroethane.34 bz is the
vector component ofbi jk on the axis that contains the mo-
lecular dipole moment. For ana-helix this is the helical axis
z. bz is given in terms ofbi jk as shown in equation given
below:

bz = bzzz+
1
3fbzxx+ bzyy+ 2bxxz+ 2byyzg. s9d

Levine and Bethea34 reportedbz= +2310−31±50% esuper
monomer for PBLG for the fundamental frequency"v
=1.17 eV. Our calculatedbz for the modela-helix composed
of seven glycine residues is in excellent agreement with this
measurement:bzscalcd= +194 a.u. for "v=1.17 eV. This
corresponds with +28 a.u. or +2.4310−31 esu per monomer.
The positive sign means thatbz has the same sign as the
molecular dipole moment.

The ZINDO/S calculations show the origin of the achiral
response that underliesbz. According to the calculations, the

FIG. 3. Calculated nonlinear suscepti-
bilities for the modela-helix, shown
as a function of the tilt angle of the
long axis of the helix relative to the
surface normal. The fundamental fre-
quency was"v=2.96 eV. The magni-
tude of each susceptibility is plotted in
the same arbitrary units. Results are
shown for an assumed square distribu-
tion of the tilt angle about the mean
value, with width 10°.
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axial tensor elementbzzz is considerably smaller than the
other contributing elements in Eq.s9d, and furthermore it has
the opposite sign. The first and second terms in Eq.s1d give
the contributions of off-diagonal, three-state interactions and
diagonal, two-state interactions, respectively, to the molecu-
lar hyperpolarizability tensor.11,21 For certain types of chro-
mophores, two-state interactions dominate and a simple in-
terpretation of the nonlinear response can be given. This is
the case for push-pull chromophores such aspara-
nitroaniline sPNAd, where the two-state contribution is pro-
portional tosmgn

z d2smnn
z −mgg

z d, which includes the difference
in molecular dipole moments between the ground and ex-
cited state. This factor is positive for PNA, which accounts

for the positive sign ofbz. However, it is negative for the
a-helix, since most of the excited states have muchsmaller
dipole moments than the ground state, according to the
ZINDO/S calculations. These excited states have substantial
charge transfer character associated with transitions between
individual amide chromophores of the helix. Thus the two-
state contribution to the axial elementbzzz is large and nega-
tive for thea-helix. In fact all of the tensor elements in Eq.
s9d are negative, if only the two-state contributions are con-
sidered. However, the three-state contributions are all posi-
tive, with the net effect thatbzzzis small and negative and all
of the other elements in Eq.s9d are positive and relatively
large. The ZINDO/S calculations thus indicate that charge
transfer transitions of thea-helix have a large influence on
the achiral components of the hyperpolarizability tensor.

The computational results in Figs. 3 and 4 show the
detailed dependence of the effective susceptibilities on the
photon energy of the fundamental light and on the tilt angle
u of the long axis of the helix. A significant feature of the
results for"v<3.0 eV in Fig. 3 is a pronounced dependence
of the ratiougpu / ufpu on the tilt angle. The large value of this
ratio nearu=0 is a consequence of the relatively low mag-
nitude of bzzz. This ratio is readily measured from experi-
mental I2vswd traces, which could therefore be useful for
probing the tilt angle of the helix with respect to the surface
normal. The conditions were not suitable for such measure-
ments in the present work because the PBLG and PELG
films had u=90° and consequently the achiral response of
the a-helix was not observed.

D. Chiral contribution to nonlinearity

The chiral response of the modela-helix is much weaker
than the achiral response, as shown in Figs. 3 and 4. Further-
more, the chiral susceptibilityfs goes to zero in the limit of
zero frequency, which is not the case for the achiral suscep-
tibilities. If the twist angle of the helix about its long axisz
has a random distribution then the chiral response is propor-
tional to sbxyz−byxzd.

10 The chiral susceptibility therefore
vanishes at zero frequency due to Kleinman symmetry, and is
nonzero only near resonances.

The absolute values of the chiral susceptibilities for
PBLG and PELG in Table I can be compared with the
ZINDO/S computed values for the modela-helix. Depend-
ing on which value is taken for the susceptibilityuxXXZ

s2d uW for
the clean air/water interface, and with knowledge of the den-
sity N of peptide monomers present for the PBLG and PELG
samples, we find for the chiral susceptibility per monomer
unit uxXYZ

s2d u /N=s0.30–0.40d310−41 m4/V using uxXXZ
s2d uW re-

ported by Antoine et al.,30 and uxXYZ
s2d u /N=s1.0–1.3d

310−41 m4/V using uxXXZ
s2d uW reported by Rasinget al.31 The

range given for each case shows the results for PBLG and
PELG. Our calculated value ofuxXYZ

s2d u /N for the a-helix sin-
cluding a factor of 1/7 to reduce to a per monomer basisd is
4.2 a.u. or 1.5310−41 m4/V. This value applies for"v
<2.96 eV, which corresponds with the fundamental fre-
quency used in the experiment. Thus, the calculated and ex-
perimentally measured chiral susceptibilities are in reason-
able agreement, considering that both are subject to a large

FIG. 4. sad and sbd Calculated nonlinear susceptibilities for the model
a-helix, shown as a function of photon energy of fundamental radiation. The
tilt angle of the long axis of the helix relative to the surface normal is 0° for
ugpu, ufpu and uhsu, and 90° forufsu. The magnitude of each susceptibility is
plotted in the same arbitrary units, withufsu shown310 expanded.scd Ab-
sorption spectrum of polypeptidea-helix. The solid line shows the
calculated spectrum and the broken line is an experimental spectrum of
poly-sg-methyl-L-glutamated from Ref. 33ssee the textd. Note that the en-
ergy scale is"v /2 in scd only, to facilitate comparison with the nonlinear
susceptibilities.
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uncertainty. The calculation is uncertain because the position
of the resonance inufsu shown in Fig. 4sbd depends on the
details of the computational model, and its amplitude de-
pends on the assumed damping factorG included in the cal-
culation of the hyperpolarizability tensorfsee Eqs.s1d–s6dg.

The chiral contributions to the molecular hyperpolariz-
ability tensorbi jk are those that includex, y, and z in the
indicesi, j , andk. The computational results showed that the
electric dipole transition momentsmgn and mn8n for 80 ex-
cited states of thea-helix hadx, y, andz components almost
equally represented. Furthermore, the changes in the static
molecular dipole moments of the excited states relative to the
ground stateDmn=smnn−mggd also had significantx, y, andz
components, although thez components were dominant. This
means that the triple products withi jk =xyz,yxz,zxy in both
the first and second terms of Eq.s1d generally have appre-
ciable magnitudes, and the chiral elementsbxyz, byxz, and
bzxy are significant. It is apparent that the spatial distributions
of the dipole matrix elements that underlie the chiral re-
sponse depend upon the orientational distribution of the
chromophoric subunits of the helix, as illustrated in Fig. 1.

In Fig. 1, the division of the modela-helix into seven
NMA monomers is illustrated. The chromophoric subunit is
the amide groups–NH–CO–d, which has a planar structure
with a strongp-p* transition near 6.6 eV. It is important to
note that the plane of each amide group is tilted relative to
the helix axisz, such that the CO bond makes an angle,15°
with z. The tilt of the CO bond of each amide subunit is
illustrated in Fig. 1. This is the situation that pertains for an
ideal a-helix with 3.6 residues per turn, as in PBLG and
PELG.35 The tilt of the plane of each amide group relative to
the helix axis is significant because it means that each sub-
unit contributes a chiral response, even in the absence of
electronic coupling between the chromophores. The essential
point is that the axis about which the twist anglec of the
chromophore is randomly distributed, i.e., the helix axisz
does not lie in the plane of the chromophore. In this situation
the orientationally averaged ensemble of chromophores is
chiral due to asymmetry in the orientational distribution,
even when the individual chromophores are planar and hence
achiral. This is a particular case of a more general structural
effect that Simpson and co-workers10–12 have recently iden-
tified as a possible origin of SHG-OA. This effect is particu-
lar for second-order nonlinear optics in that it relies on the
partial orientation of molecules, as at an interface, and is not
present for isotropic orientational distributions as for mol-
ecules in bulk solutions.

If each monomer unit of the polymer can be considered
as an independent chromophore, then the overall chiral re-
sponse is an additive property over the individual chro-
mophores. We found that the main features of the orienta-
tionally averaged chiral responsesbxyz−byxzd that was
calculated for thea-helix could be reproduced by summing
the hyperpolarizabilities of the individual NMA monomer
units shown in Fig. 1. Figure 5 shows the frequency depen-
dence ofsbxyz−byxzd as calculated for the modela-helix and
for the simplified model of seven independent NMA mono-
mers. The results are similar for the two calculations, par-
ticularly near the resonance at"v<3.3 eV which is associ-

ated with thep-p* transition of NMA. In fact, calculations
of sbxyz−byxzd for each of the seven individual NMA mono-
mers produced the same result, and this was identical to the
result in Fig. 5 for the seven independent monomers com-
bined, scaled by a factor of 7. If the orientation of the NMA
monomer was adjusted to eliminate the tilt of the plane of the
amide chromophore with respect to thez axis, then a much
smaller chiral response was calculated. This is expected, be-
cause now the plane of the amide group and the axis about
which the twist angle is uniformly distributed are coincident,
and thus the orientationally averaged ensemble of chro-
mophores is achiral. From this we conclude that the tilt of
the plane of each amide group relative to the helical axis of
the polymer is the dominant influence on the chiral response
of the modela-helix.

It is easy to see that the tilted NMA monomer discussed
above must have nonzerosbxyz−byxzd. For illustration we
consider only the influence of the dominant transition
sp-p*d in the low energy region. In this case only a single
two-state interaction contributes to the hyperpolarizability,
and sbxyz−byxzd is proportional tomgn

z sDmn
ymgn

x −Dmn
xmgn

y d.
Except in the accidental circumstancemgn

z =0 or Dmn
ymgn

x

=Dmn
xmgn

y , the tilt of the plane of the amide group relative to
the helix axisz ensures thatmgn andDmn have nonzerox and
y components, and thussbxyz−byxzd is nonzero.

FIG. 5. Calculated difference in hyperpolarizability tensor elementssbxyz

−byxzd, shown as a function of photon energy of fundamental radiation for
sad the modela-helix, andsbd the simplified model of seven independent
N-methylacetamide monomers. The real and imaginary parts and the modu-
lus are plotted in atomic units.
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We believe that the chiral response of thea-helix ob-
served in our SHG-OA measurements on PBLG and PELG
monolayer films is chiefly associated with the structural ef-
fect described above. This is suggested by the reasonable
agreement between calculated and observed chiral suscepti-
bilities. It should be emphasized that the chiral response is
present in a model in which each chromophore is indepen-
dent with no electronic coupling between the chromophoric
subunits. It is possible that such electronic coupling does
make a significant contribution to the chiral response through
an influence on the matrix elements in Eq.s1d, but such an
influence would be difficult to isolate from the structural
effect. The origin of SHG-OA in a purely structural effect
that is present only for partially oriented molecules, as in the
case of interfaces, clearly distinguishes SHG-OA from linear
optical activity including circular dichroism spectroscopy.
The recognition of a structural basis for SHG-OA in this and
in previous work will simplify the interpretation of future
SHG-OA measurements.

V. CONCLUSION

The microscopic origin of SHG for monolayer films of
PELG and PBLG at the air/water interface has been investi-
gated by using a realistic computational model to calculate
the molecular hyperpolarizability tensor of a modela-helix.
Semiempirical ZINDO/S calculations of the chiral and
achiral components of the nonlinear susceptibility are in
good agreement with experimental measurements. The
achiral response of the modela-helix shows characteristic
features that are associated with a relatively low magnitude
of the axial tensor elementbzzz. This in turn reflects the in-
fluence of interamide charge transfer transitions of the
a-helix. The computational results indicate that SHG-OA of
a polypeptidea-helix is mainly due to a structural effect that
is associated with the tilt of the plane of each amide chro-
mophore relative to the long axis of the helix. This structural
effect is present in each chromophore, and thus the chiral
response is present in a model of independent chromophoric
subunits. SHG-OA of a polypeptidea-helix has a structural
origin that is directly related to the orientations of the amide
subunits of the polymer.
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