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Sum-Frequency Spectroscopy and Imaging of
Aligned Helical Polypeptides

André Knoesen, Senior Member, IEEE, Saulius Pakalnis, Mingshi Wang, William D. Wise, Nancy Lee, and
Curt W. Frank

Abstract—The sum-frequency spectroscopy signatures of NH-
(amide A) and C = O (amide I) groups, the amide segments
in all proteins, are measured in thin films that consist of an
ensemble of right-handed, helical poly-+-benzyl-L-glutamate
(PBLG) macromolecules that are endgrafted and self-organized
into a monomolecular film with a large degree of unidirectional
order. Distinct sum-frequency spectral signatures associated with
the amide A and the amide I bands are observed because of a
strong noncentro-symmetry produced by intra- and intermolec-
ular forces. Hydrogen bonding self-organizes amino and acidic
groups within the molecular helical scaffold. In an endgrafted thin
film, repulsive electrostatic forces between PBLG macromolecules
stabilize the organization between molecules. The average ori-
entation of the PBLG chain was measured. Imaging scans using
sum-frequency generation, complemented by atomic force mi-
croscopy, were used to investigate the uniformity of orientation of
the PBLG chains.

Index Terms—Biological materials, image generation, nonlinear
optics, spectroscopy.

1. INTRODUCTION

ROTEINS play an essential physical and chemical role

in living systems and consist of chains of interconnected
molecular structures known as amino acids. The amino acids
form linear chains along with side chains (e.g., glutamine, as-
paragines, tyrosine, etc.) create polypeptides that characterize
a particular protein. Polypeptides are the building blocks that
self-assemble into structures that can have a high degree of
order with interesting nonlinear optical properties.

Second harmonic generation was observed at least four
decades ago in crystals of amino-acids and collagen pro-
tein structures [1], [2] indicating that noncentrosymmetric
order can exist within proteins. The first quantitative study
of protein molecules was performed by Bethea and Levine
[3] soon after they developed the electric field induced
second-harmonic (EFISH) technique to quantify the micro-
scopic second-order () and third-order (y) hyperpolarizability
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of organic molecules [4]. They studied a homopolypeptide
molecule poly-y-benzyl-L-glutamate (PBLG). While such
synthetic proteins lack the complexity of naturally occurring
proteins, these poly(amino acids) or polypeptides exhibit the
same secondary conformations as seen in proteins. PBLG
stabilizes in an extended, rigid, a-helix configuration, resulting
in unusual properties, such as a very large electrostatic dipole
moment. A large dipole moment makes a molecule attractive
for EFISH since the molecules are dissolved in a liquid and
aligned with an electric field. Second harmonic generation
has since been used to study cellular membranes [5]-[10] and
is becoming a popular technique to image highly structured
biological materials [6], [11]-[20].

In the last two decades, an in-depth understanding has devel-
oped of the origins of second-order effects in organic molecules
and how noncentrosymmetric molecules can be arranged at the
macroscopic level into noncentrosymmetric ordered films [21],
[22]. This organization is either through self-assembly such as
crystallization [23], or by directed assembly methods such as
Langmuir-Blodgett—-Kuhn deposition [24], layer-by-layer de-
position [25]-[27], and, in the case of polymer films, electric
field poling [28]. These methods of aligning molecules are quite
different from those present in nature. For such reasons, we are
interested in how the lack of inversion symmetry that is present
at the molecular, intermolecular, and tissue level in biological
materials is induced and how it leads to second-order nonlinear
effects. It is interesting to note that the specific origin of the non-
linear effect in one of the most well-known protein structures to
produce second harmonic generation, namely collagen, remains
unknown [15].

Long-range orientational order in a material is probed by
second harmonic measurements and complements the tech-
niques used for short range orientational order such as X-ray
diffraction and atomic force microscopy. Sum-frequency gener-
ation (SFG) vibrational spectroscopy specifically identifies the
molecular groups that produce second-order nonlinear optical
effects [29]. By temporally and spatially overlapping infrared
(IR) and visible laser pulses on a sample under investigation, a
sum-fregency signal is produced that is detected in the visible.
If the IR wavelength matches the IR and Raman active resonant
vibrational modes of a molecule [30] and its polarization is
aligned to excite it, a resonance-enhanced signal is produced.
Recently, SFG has been used to study proteins adsorbed at
interfaces [31]-[33].

In this paper, we use, for the first time, SFG vibrational spec-
troscopy to identify the molecular origins of second-order ef-
fects in films of the synthetic protein PBLG. We also use SFG

1077-260X/04$20.00 © 2004 IEEE
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Silicon wafer

Fig. 1. Molecular structure of PBLG is a «-helix. The carbonyl (C = O)
and amino (N-H) groups are oriented within the a-helical molecular scaffold
by strong hydrogen bonding to produce a noncentro-symmetry at the molecular
level.

to map the orientational order of a thin film of PBLG fabricated
by endgrafting vapor phase deposition and show that the film
has a high degree of long-range orientational order that extends
over area of several millimeters square.

II. PBLG MOLECULES

The polypeptides assemble into a highly ordered three-di-
mensional supermacromolecular structure. A regular network
is formed by intramolecular hydrogen bonding between the car-
bonyl and the amino N-H groups on the main chain, and some-
times the sidegroups. As shown Fig. 1, in PBLG the C = O
group repeat unit ¢ hydrogen bonds to the N-H group repeat unit
1+4 to form a rigid a-helical molecular scaffold [34]. The polar
alignment of these groups produces a net electrostatic dipole
moment along the main axis of the molecule. Unlike a flex-
ible chain polymer, the PBLG a-helix has a long persistence
length. To a good approximation the net dipole moment is pro-
portional to the number of peptide monomers N. The dipole mo-
ment of a PBLG molecule in dichloroethane was measured to be
pperLe = N x 3.4 Debye [3]. For PBLG with N = 2500, elec-
trostatic dipole moments have been reported in the 6000-8000
Debye range. For the PBLG molecules used in this paper, N
is approximately 100, leading to an estimated dipole moment
of 340 Debye. The second-order nonlinear properties are also
dominated by the alignment of the C = O group with the N-H
groups. The nonresonant second hyperpolarizibility of a PBLG
molecule was estimated at Sppr.g = N X 8.3776 x 10~4! m*/V
[3]. EFISH measurements have also been performed on PBLG
with second-order nonlinear active sidegroups [35].
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III. PBLG MONOMOLECULAR FILMS

Dipole-dipole interactions play an important role in how or-
ganic molecules assemble in second-order nonlinear thin films
[36]. In assembling films of PBLG, given the large electrostatic
dipole moment of the individual molecules, dipole—dipole
interactions play a particular important role. In physisorbed
PBLG films, such as deposited by Langmuir—Blodgett-Kuhn
technique or spincoating, neighboring polypeptide helices form
antiparallel pairs [34]. Solution evaporated PBLG films [37]
and spincoated films of PBLG with second-order nonlinear
active sidegroups [38] that have been electric field poled, also
exhibit the energetically preferred antiparallel alignment of
neighboring polypeptide helices.

Monomolecular PBLG films with a high degree of polar
order can be prepared by covalently grafting the ends of
PBLG molecules to a solid substrate. This is accomplished
by first modifying the surface with initiators for subsequent
the polymer synthesis, and then growing a helical chain that
is tethered to the surface (grafting from approach) [39], [40].
Surface polymerization to produce PBLG monomolecular
films has been performed in the melt [41], in solution [40],
[42]-[45], and by a vapor deposition polymerization [46].
Vapor deposition polymerization was used in this paper to grow
a PBLG film. The advantage of the vapor deposition method
is that it is a solventless procedure; moisture and impurities
from the solvent are eliminated, thus minimizing unwanted
polymer intermediates. During the vapor deposition process,
PBLG helices are grown that are chemically grafted to a silicon
dioxide interface that has been previously functionalized with
a primary amino group. The vapor deposited PBLG is right
handed, which is determined by the fundamental structure of the
poly(amino acid). All vapor-deposited poly(amino acids) fabri-
cated to date, the secondary structure is qualitatively the same
as observed in normal bulk conditions. During the fabrication
process, physisorbed PBLG are dispersed between the chem-
ically-grafted molecules, and they have their dipole moments
oriented antiparallel to the chemically-grafted molecules. After
the deposition process the film is aggressively washed, which
presumably removes the loosely bound physisorbed molecules,
because a significant increase in the polar order of the film
is observed [34]. PBLG films with thicknesses up to 150 nm
has been produced by vapor phase deposition. The thickness
of the PBLG films used in this study was 30 nm. With only
the chemically-grafted molecules present, with one end firmly
attached to the interfaces, repulsive electrostatic forces exist
between neighboring molecules, and as will be shown in this
paper, these forces lead to a high degree of long-range order.

The electromechanical and electrooptic properties of
end-grafted PBLG monolayer film have been investigated
previously. Jaworek et al. studied the piezo-electric properties
[47]. The field-induced change in film thickness were domi-
nated by a inverse-piezoelectric effect and demonstrated that
the helices were in a parallel arrangement. An electrooptic co-
efficient on the order of 0.3 pm/V was measured that exhibited
no detectable dependence on frequency of the exciting ac field
[34] indicative of a dominant electronic contribution to the
second-order nonlinear properties. While such measurements
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Fig. 2. Experimental arrangement of SFG spectroscopy experiment. The IR
and the visible beam are kept at 90° with respect to each other. The polarization
vectors of the s- and p-polarized waves are indicated in the figure. The reflected
SFG beam’s direction is determined by momentum conservation. As the
wavelength of the IR pulse is changed, the sample is rotated around the Y axis

to keep angle between the IR and the SFG beam at 20°, which keeps the SFG
beam position on the detector constant.

are indicative of a strong polar order, the sum-frequency mea-
surements in this paper provide the conclusive evidence for the
polar order in end-grafted PBLG films.

IV. SUM-FREQUENCY ANALYSIS

An electric field Esp () is created by sum-frequency gen-
eration in a thin film from the interaction between two elec-
tric fields, one in the infrared Etr (¢) and one in the visible

Ev1s (t), through second-order nonlinear polarization interac-
tions. In the coordinate system shown in Fig. 2, k1= —k12Z —

B12, kvis= Ko — (22, ksp= K3 + (3%, and

ESF (t) = Re |:E (wg)ejkos(li3$+ﬁaz)e]'w3t:|

Bvis (t) = Re [E (wz)ejkw(nﬂﬁﬁ)ejwﬁ}

and

E:IR (t) — Re |:E (wl)ejk01('€1$+ﬁ1z)ejw1t:|

where
kOi = 27T/)\0,L'.

The vector electric field amplitude is F;= FE;é;, where ¢; is
the unit polarization vectors in free-space. For p-polarized fields
€1 = (1T — K12,6a = Pof + Koz, and é3 = —[(3T + K3Z.
For s-polarized fields ¢; = ¢. The frequencies are related by
w3 = wi +ws, and the direction of the sum-frequency generated
beam is determined by the momentum conservation condition

—ko1k1 + koake = kosks. (D

The nonlinear interaction at interfaces 2%nd thin films can

be modeled by a polarization sheet Pg [48]. Following
the formulism in [48]-[50], in the meter, kilogram, and
second system, the electric field at the sum-frequency is
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E(ws) = j(k3)/(203)(é3- Eg : 1;5), and the intensity gener-
ated in free space, given by I(w3) = (1/2)eocE(ws)E*(ws),
is

I(ws) = ‘ X[ T I(ws) )

203ﬁ2

with the effective nonlinear susceptibility ng) = (é3- F3) -

1@ 2 (&1 F1)(é5-Fy), where ¢, is the unit polarization vectors
defined previously and Fy(w) = 1 — r?3(w), Fy(w) = 1 —
ri?3(w), and F-(w) = e1(r}**(w) + 1)/€mono- The super and
subscripts in the permittivity and reflectivity coefficients, i.e.,
1, 2, and 3, refer to the air, the thin silicon dioxide layer, and
silicon substrate, respectively. The reflectivity factors are

T71nZ (w) + 7"72;? (w)efzjk’o Bsiog dsio,

123 _
T (W) = 1 +T’rlr?(w)rgg(w)e—ijOﬂSiOQdSiOQ

3

where m = s, and m = p correspond to the transverse electric
and transverse magnetic polarization, respectively, and

e1(w)BF — ex(w)pB!

kl

Tp ( El(&})ﬁk + e ((U)ﬁl (43.)
kl _ ﬂk B /Bl

rs (W) = e (4b)

where 3* refers to the ~ component of the wavevector in the kth
layer.

V. SUM-FREQUENCY IN PBLG FILMS

We assume that the sum-frequency generation in the PBLG
film dominates over any interfacial contributions, such that

—.(2)Film @ -
Py = €0Xpim F (w2) E (w1). 3)
The macroscopic tensor element is X%)z = N, {((&-E)(5-7)(z-

¢ )) é )C where Nj is the surface density of the molecules and

(5 n, C ) is a right-handed coordinate system in the molecular
frame. The second-order nonlinear optical susceptibility of the
PBLG helix is modeled by a distribution of cylindrically shaped
molecules around the a symmetry axis ¢, resulting in a cylin-
drical symmetry and only three independent tensor elements

Beee- and By = Pl and BGL = G2 = By = fi
[51]. Furthermore, in the PBLG SFG measurements, the vis-
ible and sum-frequency wavelengths are far from the electronic
resonances, such that, cornpared to dominant /3 (2) , the contri-
butions due to the elements [55 e = 54(?5 BECE BCEE are
negligible. The IR interactions are resonantly enhanced when
the polarization has a component along f . With such assump-
tions, the cylindrical symmetric molecule has only two nonvan-
ishing elements: ﬁ“( and ﬁggc = [)’7(’?7)( In the PBLG film, the
molecules are tilted with respect to surface normal to produce
an in-plane anisotropy. The tilt is described by a random vari-

able 6, and distributed along an azimuthal angle ¢, see Fig. 3. A
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Z
A

Fig. 3. Orientation of the PBLG helical axis is describe by the angles § and
¢ in the X"Y’Z sample coordinate system. The angle ¢ describes the rotation
angle between the XYZ laboratory coordinate system and the X'Y'Z sample
coordinate system.

Boltzman probability distribution function will be assumed for
6 and a delta probability distribution function for ¢.

With all the beams s-polarized (i.e., sss), the effective non-
linear susceptibility is

ng)sss = Fy3FyoFy (Sin 9) sin ¢
X (Beec (cos® B) sin® ¢ + Peec cos” ¢
+ Beee (Sin2 6) sin? }). (6)

Note that XE?SSS = 0 if the average tilt angle is zero, or the

molecules are uniform distributed around the surface normal. As
is expected, the sss-intensity is a very sensitive to the in-plane
orientation of the PBLG molecules. The sss-intensity will have
two distinct lobes that are perpendicular to the tilt-plane, which
is defined by the angle ¢.

With all the beams p-polarized (i.e., ppp), the effective non-
linear susceptibility is

X = — Loy Ba(Lotr 51 feec (cos® 8) cos? ¢
+ Lo B1Beec sin® ¢
+ La1rf18cec cos? ¢(sin® 6))
+ (Lz202 cos ¢(sin 0) + L,oko(cos #))
X L1 (Beeckicos p — Beeekin cos d){cos @ sin 6)
+ L.3k3(Laafa(sinb) cos ¢ + L.oka(cos b))
X (Lz151B¢cc(cosfsin ) cos ¢
— L1581 B¢ec(cos b sin 0) cos ¢
— L.1K1Beec (sin” 0)
= Laasafec(cos® 6)). @

The sum-frequency intensity spectrum is described as [51]
@ |
Iws, ) o |[x G W)

ARn('l/J)ej‘P”
WRn — W3 + ]PRn

AN () + )

n

®)
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for the sample oriented at an azimuthal angle v, where
Apgn (1), TRy, and wg, are the strength, damping constant, and
angular frequency of a single resonant vibration, respectively.
Axr () and ¢,, are the nonresonant and the relative phase
angle between the resonant and nonresonant signals. SFG
vibrational spectroscopy identifies the resonant contributions
in the monolayer.

VI. EXPERIMENTAL METHODS

PBLG was grafted onto native silicon dioxide layers on sil-
icon substrates by a vapor deposition polymerization reaction.
The monomer, N-carboxy anhydride of ~-benzyl-L-glutamic
acid (B-NCA), was spread at the bottom of a glass reactor. Onto
the substrate (1-aminopropyl) triethoxysilane (APS) initiator
was first deposited by immersing it in a 0.3 wt% APS in ace-
tone for 1 h at 50 °C. The substrate was placed 1.5 cm above
the B-NCA monomer and the chamber was evacuated and
back-filled with N5. The system was then heated to 105 °C and
held at pressures of ca. 5 x 10™° mbar for 2 h, during which the
monomers in the vapor phase react with the surface-attached
amino groups, which initiate a ring opening polymerization
to form the PBLG film. After the reaction, the substrate was
soaked in 1/9 (v/v) of dichloroacetic acid/chloroform to re-
move physisorbed oligomers, leaving only chemically grafted
PBLG on the surface.

The IR-visible SFG spectroscopy scans were measured made
by spatially and temporally overlapping IR pulse and visible
pulse in the PBLG film and detecting the sum-frequency signal
in reflection. The visible light was produced by a frequency
doubled Nd:YAG laser with 22-ps pulses at 10-Hz repetition
rate (EKSPLA model PL2143C) whereas the infrared tunable
light was produced by an OPG/OPA/DFG unit (EKSPLA
PG501VIR/DFG). Using the synchronized frequency tripled
output channel of the pump laser, generation of light in the
wavelength range 0.42-2.3 pum was achieved using optical
parametric generation and amplification in a LBO crystal. The
idler was then used to seed the difference frequency generation
in an AgGeSz cyrstal (DFG, between the seed and 1064 nm)
achieving tuning in the 2.3-10 pm wavelength range. The
system was delivering over 100 pJ between 2.5 and 5 um while
its line width was kept smaller than 6 cm~!. The wavelength
can be stepped in 1-nm increments in the region of interest
under computer control.

The 0.532 pm laser beam was cleaned in a spatial filter, atten-
uated using a combination of a A /2 plate and a polarizer, delayed
and focused onto the sample to a size of 2.7 mm? resulting in an
average fluence of 14 mJ/cm?. A second \/2 plate was used to
set the polarization of the visible beam onto the sample. The IR
polarization was set using a ZnSe rhomb coated for low Fresnel
losses between 2.5 and 10 pm. A 25-mm lens focused the IR
laser beam to a spot of 0.7 mm? on the sample leading a typ-
ical fluence of 10 mJ/cm? over the wavelength range 2.5-5 pm.
The IR beam is focused within the larger visible spotsize. The
sum-frequency is generated in the overlap region. A HeNe laser
beam was set collinear to the infrared laser beam to ease the
alignment.
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The angle between the incident infrared and visible laser
beams was kept constant at 90° and the detection set at 25° with
respect to the IR beam. While scanning the IR wavelength, the
sample was rotated such that the phase matching condition was
maintained, and the sum-frequency beam remains at a constant
position on the detector.

The sum-frequency signal is filtered by a set of sharp cut
edge color filters (Edmund Scientific, #J30 635, blue additive
dichroic filter 4 x 10~ at 0.532 pm and >90% transmission in
the 0.400-0.495-m sum-frequency wavelength range). An ad-
ditional interference filter (Notch-Plus, Kaiser Optical system,
Inc.) was used to attenuate any stray 0.532-pm radiation by
OD6. A photomultiplier (Hamamatsu #6095) with high respon-
sivity in the blue range was used to detect signals. The produced
current was transformed via a 50-(2 resistance and the signal
was preamplified using a 300-MHz preamplifier (Quad SR445).
The data were analyzed using a gated integrator (SR250). The
boxcar average was performed in baseline subtraction mode to
reduce the background noise floor. Data was digitized (SRS245)
and transferred to a computer.

The orientation of the PBLG on the surfaces is mapped by,
for a fixed set of the input polarizations, scanning the sample
to a point in the zy plane and at each point rotating the sample
around the boundary normal about an azimuthal angle v through
360°. All translation and rotation stages are under computer
control.

An ellipsometer (Gaertner Scientific Corp., L116C) with a
He-Ne laser was used to measure film thickness of the PBLG
layer. A refractive index of /¢, pLg = 1.48 was used for all
the measurements and calculations. The reported film thickness
was averaged from at least five different spots on each sample.

Fourier transform IR (FTIR) spectral measurements (Perkin-
Elmer Spectrum 2000) were taken in transmission mode with a
mercury cadmium telluride nitrogen cooled detector. For each
sample, 1064 scans were taken at a resolution of 4 cm™1.

The film morphology was probed using a atomic force micro-
scope (Digital Instruments, NanoScope I1Ia MultiMode) and the
images were captured in the tapping mode using E and J scan-
ners at frequencies of 0.5-1 Hz.

VII. RESULTS AND DISCUSSION

Fig. 4 shows the infrared transmission spectra of the end-
grafted PBLG film. The peptides in the helix produce vibrational
signatures due to the stretches of N-H (amide A, 3294 cm™b),
C-N (amide II, 1549 cm~'), and C = O (amide I, 1653 cm™1)
segments. The peak at 1734 cm™! is the side chain C = O peak
arising from the ester group. The peaks at 3070 cm™! are the
three aromatic CH stretches. Around 3100 cm™!, there is an
Amide B peak (from the overtone of the amide II vibration) that
is obscured by the aromatic bands. The peak at 2968 cm™! is
the methylene stretch (CH2-CHj3 stretch). The spectral features
below ~1300 cm ™! are caused by overtones, bends, and scis-
sors of various molecules. The IR vibrational signatures are con-
sistent with [43].

Fig. 5 shows the sum-frequency reflection spectra of the end-
grafted PBLG film when all beams are p polarized. The main
peaks in this spectrum correspond to stretches of N-H (amide
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Fig. 4. IR transmission spectrum of endgrafted PBLG film. The peaks
assignments are N-H (amide A, 3294 cm~1!), C-N (amide II, 1549 cm~1),
C = O (amide I, 1653 cm~!) and a side chain C = O peak (1734 cm~1!)
arising from the ester group.
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Fig. 5. Sum-frequency spectrum of endgrafted PBLG film with all beam

p polarized. The two main peaks correspond to ths stretches of N-H (amide
A, 3294 cm~! region) and C = O (amide I, 1653 cm~! region) segments.
The main peaks in the sum-frequency spectrum originate from collective
radiation from noncentrosymmetric oriented NH and CO-groups within a
single helix, and their noncentrosysmmetric organization of the helices within
the film. The amide II band and other features clearly present in the IR spectra
are notably absent in the sum-frequency spectrum because they do not have
noncentrosymmetric order.

A, 3294 cm™!) and the C = O (amide I, 1653 cm~!) segments.
In organic molecules, the second-order hyperpolarizability (3
is maximized by efficient intramolecular charge transfer (ICT)
of delocalized electrons between donor and acceptor groups.
Within each peptide unit the intramolecular charge transfer is
poor and the 3 associated with each peptide is comparable to
small molecules [3]. At a supramolecular level, the (3 is several
times larger than each peptide unit, not because of ICT, but due
to the number of NH and CO-groups units that are well-oriented
in a-helix. As seen in Fig. 1, the NH and CO-groups organize
in a noncentrosymmetric manner within the molecular helical
scaffold. As seen in Fig. 1, the C = O group repeat unit ¢ forms
a hydrogen bond with the N-H group repeat unit 7 + 4, and
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270

Fig. 6. Experimental measurement (dotted curve) and the theoretical fitting result (solid curve) for (a) all beams p polarized, and (b) all beams s polarized for
measurements taken on the N-H stretch (amide A, 3294 cm~1). The location of the point on the sample is = 5.0, y = 0.5 mm.

are organized in a noncentrosymmetric manner within a rigid
a-helical molecular scaffold. There is no ICT between the zth
C = O group and the (¢ 4+ 4)th N-H group, each peptide unit
acts as an independent radiator. In the endgrafted PBLG film
the individual PBLG helices are well-oriented with respect to
each other due to a repulsive intersupramolecular electrostatic
repulsive force. Each PBLG is grafted to the substrate through
the same end-terminus, leaving an array of right-handed helices,
each with a very large electrostatic dipole moment pointing in
the same direction. The main peaks in the sum-frequency spec-
trum originate from collective radiation from noncentrosym-
metric oriented NH and CO-groups within a single helix, and the
noncentrosymmetric organization of the helices in the film. The
amide II band and other features clearly present in the IR spectra
are notably absent because they do not have noncentrosym-
metric order. For example, the C-N (amide II) peak present in
the IR spectrum is absent in the sum-frequency spectra, because
as can be seen in Fig. 1, the C-N groups are centrosymmetrically
organized within the helix.

The PBLG films were remarkably thermally stable. The sam-
ples were heated to about 150°C while in-situ SFG spectra mea-
surements were performed. Up to about 130 °C no changes in
the spectra were observed. At higher temperature the peaks dis-
appeared without observing a broadening of the peaks, which is
indicative of PBLG molecules being sublimated from the sur-
face before thermal disorder sets in. This stability of PBLG films
to 130 °C has also been independently confirmed by in situ AFM
studies [52].

The average orientation of the helices was determined by
fixing the IR wavelength to the the N-H (amide A, 3294 cm~1)
stretch and then rotating the sample around a fixed point while
keeping the polarizations fixed at either ppp or sss. A nonlinear
least square fit was performed using the effective nonlinear sus-
ceptibilities given by (6) and (7). The fitting parameters are 6, ¢,
and 7 = fBeec/Bece- The angle ¢ is estimated from the two dis-
tinct lobes in sss-polar that are perpendicular to the tilt-plane

Using this value for ¢, the average tilt angle 6 is determined
from the ppp-polar measurements. The following parameters
were used for the Fresnel factors. The indexes of refraction for
the silicon substrate are \/g,.s; = 4.14 + j0.045 at 0.532 pm
(the wavelength of the visible beam), /e,s; = 4.522 + j0.134
at 0.465 pm (the wavelength of the sum frequency component),
and \/g,si ~ 3.43 at 3.7 um (the wavelength of the IR beam).
The silicon dioxide was 30 nm thick and the indexes of refrac-
tion are /g,si0, = 1.461 at 0.532,  /g,si0, = 1.465 at 0.465,
and /g;s;0, = 1.400 at 3.7 pm. The index of monolayer was
set to 1.48, since the fitted value for f changed by less than 3%
when the index of refraction of the monolayer was in 1.43—-1.50
range. For the ppp-polar measurement, the value of r fitted to
1/3.2 < r < 1/3.1. The silicon dioxide layer is so thin com-
pared to any of the wavelengths present, and thus has minimal
effect on the Fresnel factors. Fig. 6 shows the fitting result of one
of the measurements. Fig. 7 shows five polar measurements and
their location on the sample and their nonlinear least square fits.
Table I summarizes the average angle 6 and ¢ for the five points.
The average value of the tilt angle is (/) = 58.38 £8.75° which
compares well with the IR tilt angle measurements of PBLG
films () = 58 + 5° measured by Wieringa et al. [43].

The orientation distribution of the PBLG molecules on the
sample was imaged using sum-frequency from the N-H band in
the following manner. Imaging the surface by performing ppp
and sss polar measurements on a closely spaced grid is imprac-
tical since to accumulate such dataset at each sample point takes
more than one hour. To overcome this practical limitation, we
set the beams at either ppp or sss, and scan the sample in the
zy-plane on a 4 X 4 mm grid, with points spaced 63 pm apart.
Fig. 8 shows the high spatial resolution sss- and ppp- datasets
of the SFG signal intensity distribution on the sample. The ori-
entation distribution of the helix within 4 x 4 mm? region is de-
termined at a specific point by using the information in the five
higher angle resolution ppp- and sss-polar datasets (Fig. 7) and
the information in the higher spatial resolution ppp- and sss-zy
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Fig. 7. Polar measurements for (a) all beams p polarized and (b) all beams s
polarized taken on the N-H stretch (amide A, 3294 cm~!) with their coordinates
shown in the grid.

datasets (Fig. 8). From the sss- and ppp-zy datasets, the known
SFG intensities at the point (i, j) at coordinate ‘x” and ‘y’ are

and

(2)sss 2
Lios(0ij, dij) o< |Xeg  (Bij, bij)

2

2
Ly (83 big) o< X7 (855, big)

where ;; ar ¢;; are the unknown angles. Let the coordinate
of the nearest point where polar measurements were performed

TABLE 1
AVERAGE TILT AND AZIMUTHAL ANGLE MEASUREMENTS AT
POINTS ON THE SAMPLE

0 [0} xy-coordinate
58.44° 0° (6.5,3.5) mm
48.38° 96.43° (5.0, 2.0) mm
61.91° 90.61° (5.0,0.5) mm
64.26° 108.25° (3.5,2.0) mm
49.51° 92.04° (6.5,0.5) mm
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Fig. 8.

measurement points are spaced 63 pm apart.

be (zp,yp). From the sss- and ppp-polar datasets, we have its

intensity

(2)sss 2
ISSS((QP, pr) X Xeﬂ‘ (9177 4)17)

and

2

Lopp(Op, pp) x ng)ppp(ew bp)

Sum-frequency xy measurements for (a) all beams p polarized, and
(b) all beams s polarized taken on the N-H stretch (amide A, 3294 cm~1!). The
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Fig. 9. Distribution of the (a) out-plane and (b) in-plane orientation of the
PBLG molecules.

where 6, and ¢,, are known, see Table L. The angle ¢;; and ¢;;
are then numerically solved from the following nonlinear equa-
tions:

2
Xt (6. )

(Q)SSS(HH ¢) 2
Isss(eij7 (,ZSU) N Xeff 175 Pig (9a)
ISSS 0 ’ B EEES 2
( P ¢p) Xt(aizT) (9p7¢p))
(2)sssipg 2
Ippp(aij,(lsij) _ Xoft (9137¢zj) - (9b)
Lopp (0, &) )2

In this numerical solution, the value of 6 is confined to the range
40° < 6 < 70° to resolve multivalued solutions. Fig. 9 shows
the spatial map of the tilt angle and the azimuthal orientation.
The distribution of the out of plane tilt angle is very homoge-
neous over the measured area. Similarly, so is the distribution of
the in plane azimuthal angle, with the exception of a transition
by 90° in one of the corners. This is indicative of the formation
of electrostatic domains as large in area as several millimeters
square.

The morphology of end-grafted PBLG monolayers on sil-
icon dioxide substrates has been investigated [46], [52]. A rep-
resentative AFM image of an endgrafted PBLG film is shown
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Fig. 10. Atomic force image of a endgrafted chemi-absorbed PBLG
monolayer filomovera5 X 5 gm area. Reproduced from [52] with permission.

in Fig. 10 over a5 X 5 pm area. The chemisorbed PBLG sur-
face has a whispylike appearance with no indication of grains.
The surface does not have the fibrillar and network structure
observed in physisorbed PBLG films, and is not granular as
was found with other chemisorbed polypeptide films. The SFG
mapping of the orientation of the helices suggest that in the
chemisorbed films uniform domains exist that are on the order
of several millimeters in size.

VIII. CONCLUSION

We have shown experimentally for the first time, by sum-
frequency spectroscopy, that the origins of the optical second-
order nonlinearity in PBLG molecules are collective contribu-
tions from the amide N-H (amide A, 3294 cm™ 1) and the C = O
(amide I, 1653 cm™!) segments. Hydrogen bonding creates an
a-helix, and also organizes the N-H and C = O segments
in a noncentrosymmetric manner. Not only does this organi-
zation in each a-helix lead to a large electrostatic dipole mo-
ment per supramolecule, it also causes the large second-order
nonlinear hyperpolarizibility 3 per supramolecule. In the end-
grafted chemi-absorbed monolayers, an ensemble of molecules
is highly organized over a large area because of the large elec-
trostatic repulsive forces caused by dipole-dipole interaction
and parallel alignment between neighboring supramolecules.
By scanning sum-frequency imaging, we showed that the ori-
entation of the helical molecules is uniform over several mil-
limeters. Considering the diameter of the PBLG helix is on the
order of 3 nm, the thickness of the film is 30 nm, the unifor-
mity of the orientation over length scale of several millimeters
is remarkable and indicative of how effectively protein struc-
tures can self-organize.
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