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ABSTRACT

Sum frequency generation (SFG) necessitates both noncentrosymmetry and coherence over multiple length scales. These requirements make
vibrational SFG spectroscopy capable of probing structural information of noncentrosymmetric organic crystals interspersed in polymeric
matrices and their three-dimensional spatial distributions within the matrices without spectral interferences from the amorphous compo-
nents. However, this analysis is not as straightforward as simple vibrational spectroscopy or scattering experiments; it requires knowing the
molecular hyperpolarizability of SFG-active vibrational modes and their interplay within the coherence length. This study demonstrates how
density function theory (DFT) calculations can be used to construct the molecular hyperpolarizability of a model system and combine it with
the SFG theory to predict the polarization and azimuth angle dependences of SFG intensities. A model system with short peptide chains
mimicking B-sheet domains in Bombyx mori silk was chosen. SFG signals of the amide-I, IL, III, and A bands and one of the CH deformation
modes were simulated and compared with the experimental results and the predictions from the group theory. The SFG features of amide-I
and A bands of antiparallel B-sheet could be explained with DFT-based theoretical calculations. Although vibrational coupling with neighbor-
ing groups breaks the symmetry of the D, point group, the group theory approach and DFT calculations gave similar results for the amide-I
mode. The DFT calculation results for amide-II did not match with experimental data, which suggested vibrational coupling within a larger
crystalline domain may dominate the SFG spectral features of these modes. This methodology can be applied to the structural analysis of
other biopolymers.

Published under an exclusive license by AIP Publishing.
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I. INTRODUCTION

Sum frequency generation (SFG) vibrational spectroscopy has
been widely used to probe the orientation and order of molecules at
two-dimensional (2D) interfaces such as boundaries of gas/liquid,
gas/solid, and liquid/liquid phases. ~ Being a nonlinear optical
process, SFG requires a noncentrosymmetric arrangement of SFG-
active mode in space. Since the interface of two bulk phases naturally
produces the noncentrosymmetric environment, SEG can specifi-
cally probe molecular species present at the phase boundary without

spectral interference of the same molecule in the bulk phase as long
as the bulk phase is centrosymmetric or random.

Recently, SFG has also been demonstrated to be a powerful
technique to probe three-dimensional (3D) structures of crystallites
with noncentrosymmetric structures interspersed in amorphous
matrices such as crystalline biopolymers in biological tissues.

In principle, conventional infrared (IR) and Raman spectroscopy
can be used for the same purpose, but they often suffer from
uncertainties in peak deconvolution, especially when the crystalline
fraction inside the sample is low and the amorphous peaks overlap
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with the crystalline peaks.'' '” In contrast, the amorphous phase
cannot contribute to the SFG signal since it does not meet the
noncentrosymmetry requirement;" ° thus, SFG can selectively
detect the crystalline domains with noncentrosymmetric structures
without interference from the amorphous matrix. In addition, the
coherence requirement between the probe beams and the signal
beam makes SFG sensitive to not only the nanoscale structure of
the crystalline domains™”'® but also the spatial arrangement and
collective orientation of crystalline domains at the mesoscale.'”'*
Thus, SFG can provide the 3D structural information that other
techniques may not be able to find.

Although the noncentrosymmetry and coherence requirements
make SFG unique and powerful, at the same time those make
SEG spectral interpretation inherently complicated, especially for
3D bulk materials."”*’ This is because too many variables are
involved in SFG analysis. Those include the hyperpolarizabilities of
individual SFG-active domains in the molecular coordinate and
their interplays in the laboratory coordinate in conjunction with
experimental geometry (such as incidence plane and angle as well
as the polarization of three probe beams—two input beams and
one signal beam).”’ The parameters that are not considered in the
2D analysis, such as inter-particle distance, relative polarity, and
orientational distributions along multiple axes, are involved in the
3D analysis.

Since the SFG-active mode must be both Raman-active and
IR-active, one may think that comparing Raman and IR spectra
of the analyte of interest can be helpful for the identification and
assignment of peaks in SFG spectra. However, this approach does
not work sufficiently well since it does not consider the interplay of
the relative phases of vibrational modes within the SFG-coherence
length."” For the meso-scale structural effect, one may consider
preparing or obtaining a reference sample with precisely controlled
or well-characterized geometry."*”' However, such samples are
often unavailable, especially for crystalline biopolymer samples,
since their crystal structure and crystallinity are often controlled
during the synthesis in biological organisms.” **

One could rely on the theoretical calculation to resolve such
predicaments in SFG analysis of 3D structural analysis of bulk
samples consisting of noncentrosymmetric crystalline domains
interspersed in amorphous matrices. The theoretical calculation
requires knowing the hyperpolarizability of individual SFG-active
vibrational modes. For small molecules, hyperpolarizability can
be obtained from the single-bond polarizability derivative (SBPD)
model.”” However, the SBPD model assumes the ideal molecular
symmetry, which often breaks due to coupling with vibrational
modes of neighboring functional groups.” For protein molecules,
the peptide bond vibrations (such as amide-I mode) could also be
modeled considering the group theory of the secondary structure
of the protein.””* However, again, this does not consider vibra-
tional coupling among neighboring functional groups;”"* thus, its
applicability or accuracy is somewhat limited.

A more comprehensive approach would be to use
first-principles calculations to obtain the hyperpolarizability of
the analyte at the molecular coordinate. Once that is obtained, the
SFG intensity can be estimated or predicted by applying the Euler
transformation to project the molecular hyperpolarizability onto the
laboratory coordinate, from which coupling with the electric field of
incident and outgoing lights can be calculated.'””"”* This approach
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has been demonstrated for SFG analysis of small molecules at 2D
interfaces.”””””* The same approach can be applied to the 3D bulk
analysis, but the actual practice is more complicated than the 2D
case since some of the assumptions or simplifications used in the 2D
case are not applicable to the 3D case.

In this study, we demonstrate the theoretical calculation of
SEG intensities using the Raman polarizability and IR transition
dipole moment tensors obtained from density functional theory
(DFT). The target system of interest is the p-sheet domain present
in silk fibers produced by arthropods and insects. Elucidating its
roles in the mechanical properties of silk fibers is of great interest
in materials science and engineering.”’ "' We have chosen
the silk fiber of Bombyx mori cocoon for this study because the
crystalline structure of the B-sheet in the B. mori fiber is well

characterized and available in the literature.”” ™" The repetitive
amino acid sequence for the B-sheet produced by silkworms
is poly(glycidylalanine).”"* This structure was modeled with a

tetrameric peptide unit, Gly(G)-Ala(A)-Gly(G)-Ala(A); two units
of the GAGA peptide were placed laterally, allowing inter-chain
C=0---H-N hydrogen bonding interactions in the antiparallel
direction, following the antiparallel packing of peptide strands in
the B-sheet.”””” The polarization and azimuth angle dependence of
SEG signals were calculated and compared with the experimental
SEG spectra of B. mori silk fiber. For comparison, the approach based
on the molecular symmetry of the peptide group is also used for the
amide-I modes.””

Il. METHODS
A. SFG, ATR-IR, and Raman analyses

Degummed silkworm (B. mori) fiber was purchased from
Living Dreams Yarn Co. and used as received. SFG experiments
were performed using 800 nm (pulse width ~85 fs, 2 kHz repetition
rate) from a Ti:Sapphire femtosecond laser system and tunable
mid-IR (bandwidth = 120-150 ¢cm™") from an optical parametric
generation/amplification (OPG/OPA) system. A detailed descrip-
tion of the SFG system can be found elsewhere.”® Both 800 nm and
mid-IR incident beams were focused through a BaF, lens (focal
point, f = 15 cm) on a silk fiber placed in the XY plane at an incident
angle of 45° with respect to the surface normal. In this geome-
try, the laser incidence plane was the XZ plane, and the azimuth
angle was the angle between the fiber axis and the X-axis. The
SEG signal was detected in the reflection mode with volume-
phase holographic grating and a CCD camera. Two separate grat-
ings were used for the low wavenumber (1100-2000 cm™) and
high wavenumber (2500-4000 cm™') regions. Multiple spots were
analyzed in the 1000-1800 and 2700-3800 cm™' spectral ranges
with intervals of 100 cm™ for the broadband IR setting. The nota-
tion of the three-letter polarization combination follows the order of
SEG signal—narrowband 800 nm input beam—broadband IR input
beam. For example, psp polarization indicates that SFG polarization
is p, 800 nm polarization is s, and IR polarization is p with respect to
the laser incidence plane.

To get statistically representative SFG spectra, individual spec-
tra were normalized with the highest peak (i.e., 1262 cm™" for the
low wavenumber region and 3275 cm™" for the high wavenumber
region), then averaged and multiplied by the averaged intensity of
the highest peak; in this way, the relative intensities among various
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spectral features in each spectral window were unaltered, allowing
the azimuth angle dependence study without being influenced by
local compositional and morphological variances of the fiber. The
SFG spectra were collected with ppp, psp, spp, and ssp polarizations.
The other four polarizations (pps, pss, sps, and sss) were not used,
since the psp, spp, ssp, and ppp polarizations gave sufficient dataset
to determine the orientation information of the crystalline p-sheet
with respect to the fiber axis.

Fourier transform infrared (FT-IR) spectroscopy measure-
ments were performed using a Bruker Vertex 80 spectrometer.
The attenuated total reflectance (ATR) IR spectra of the fiber were
collected with a diamond internal reflection element. The ATR-IR
spectrum of the silk sample was analyzed from 400 to 4000 cm™,
averaging over 400 scans. Raman analysis was carried out using a
Horiba LabRAM HR system with a 644 nm excitation laser source
and a 300 gr/nm grating.

B. Theoretical calculation of SFG intensity
using tensors obtained from DFT

1. Model system of antiparallel p-sheet

Figure 1 illustrates two conformations of the antiparallel
B-sheet structure of B. mori silk. In the molecular coordinate, the
peptide chain is aligned along the ¢ axis, the inter-chain C=0. - -H-N
hydrogen bonds are along the b axis, and the stacking of the sheets
formed through the inter-chain van der Waals interactions is along
the a axis. In 1955, Marsh ef al.’” proposed a polar conformation
of the antiparallel B-sheet structure [Figs. 1(a)-1(c)] in which the
B-strands are packed with all methyl groups of the alanine units
pointing the same direction along the a axis. In 1999, Takahashi
et al.”” proposed an antipolar conformation in which the methyl
groups in each chain are pointing in the same direction but the
directions among adjacent chains are rotated by 180° alternatively
[Figs. 1(d) and 1(e)]. The antipolar conformation results are dis-
cussed in the main text since it is energetically more stable, and
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the polar conformation results are presented in the supplementary
material for comparison and discussed separately at the end.

2. DFT calculations of polarizability and dipole
derivative tensors

The Raman polarizability and IR transition dipole moment
tensors were acquired using density functional theory (DFT). All
quantum chemical calculations were performed using the NWChem
software package.”” DFT calculations were conducted with the
B3LYP/6-311++G(d,p) basis set. The molecular geometries were
optimized with the default convergence criteria for maximum
and root mean square (rms) forces and displacements to ensure
the accuracy and stability of the optimized structures. The static
polarizability was calculated using linear response theory, which
involves applying a uniform electric field. The polarizability and
dipole moment derivative tensors with respect to the mass-weighted

normal mode (8%1 and %’ respectively) were obtained using the

three-point numerical differentiation approach as follows:

! ! !
o, 04 (04
O _ a(Qq+AQ,) - a(Qg - AQ) o
= =l o | (1)
8Qq ZSQAQq ’ ’ ’
427} Xep Kee

ﬁ _ /‘(Qq + AQq) - ”(Qq - AQq) _ !47 )
8Q, 250AQ, S

where sq is the mass-weighted step size. These calculations were per-
formed at the equilibrium geometry distorted with the normal mode
coordinates. The vibrational peak positions from the Hessian matrix
analysis were adjusted using a scaling factor of 0.955 for the antipolar
structure and 0.957 for the polar structure.

Antipolar

FIG. 1. Model of antiparallel B-sheet
moiety constructed with two GAGA
tetrameric peptide units in (a)—(c) polar
conformation proposed by Marsh et al.
in 1955,%% and (d)-(f) antipolar confor-
mation proposed by Takahashi et al. in
1999.52 The C, O, N, and H atoms are
shown in gray, red, blue, and white col-
ors, and the methyl side group of alanine
is in orange color. Both terminal groups
are iodinated (dark brown) to eliminate
the end group effects in the DFT cal-
culation. The a, b, and ¢ axes of the
molecular coordinate is along the inter-
sheet, inter-chain, and chain directions,
respectively. The C=0- - -H-N hydrogen
bond is along the b axis within the bc
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The B-sheet structures were modeled with the models shown
in Fig. 1 to run DFT calculations within the reasonable calcula-
tion limit. The chain end groups were replaced with iodine atoms
for two reasons. Without this replacement, the hydrogen bonding
interactions between the terminal NH, and COOH groups distorted
the chain conformation in the middle, affecting the inter-chain
hydrogen bonding interactions along the b axis. In addition, their
vibrations were not the main focus of the study. By replacing the
terminal hydrogen of primary amine and the hydroxyl group of car-
boxylic acid with heavy iodine atoms, we could mimic the large mass
of other parts of the B-sheet structure to which the tetrameric unit is
connected.” Note that we cannot model the effect of van der Waals
stacking along the a axis since only two tetrameric peptides were
used.

Using the polarizability and dipole derivative tensors obtained
from DFT calculations, theoretical Raman and IR spectra of
the antiparallel pair of the GAGA peptide unit (mimicking the
antiparallel B-sheet) were calculated as follows:*'

Iraman = 45&2 + 7)/2; (3)

I = () + () + () )

where@ = 1 (af, + a;,b i) andy’ = 3 (ke - afy)” + (- ale)’

’ ’
+(0‘6670‘1141) +6( Xap +‘xﬂf +O‘bc )]

3. Numerical simulation of SFG intensities
using tensors from DFT

Detalls of the SFG intensity simulation were published
elsewhere,"*”’ and only the general procedure is described here. The
hyperpolarizability (8;,-) of the vibrational mode of the antiparal-
lel GAGA-peptide dimer was obtained through the tensor product
of 55~ ‘9“ and Ou

BQ >

1o I 1o
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This was projected to the laboratory coordinate using the Euler
transformation matrix to obtain the second-order susceptibility,

Xt]k , for the gth mode w1th a resonance frequency of w; and a

damping factor of T,,”"

2) N <Rii’R;j’Rkk’/31’j ’k’> i

Xix o (6)

vk WIRTWgt ily

where N is the number density of the SFG-active unit within the
coherence length, R;Rjy Ry is the products of Euler transforma-
tion matrices that convert the tensor in the molecular coordinate
, j', and k’ which can be any of g, b, and ¢) to the tensor in the
laboratory coordinate (i, j, and k which can be any of X, Y, and Z)
using azimuth angle (), tilt angle (), and twist angle (). Then,

19,20

the effective susceptibility, Xe(ﬁzf), was calculated to be

<2) Z CFresepm]XUk > (7)

i,j.k

where Cryes and éproj terms describe the tensorial Fresnel factors and
projected electric field vectors, respectively, of the SFG, 800 nm, and
IR beams.

For a single unit in the coherence length (i.e., N = 1), the SFG
intensity normalized with the IR and 800 nm beam intensities was
calculated as follows:

Isrc
rG_ o O, ()

Iso0l1r

For the case with multiple domains (i.e., N > 2) in 3D space
(such as crystalline p-sheet domains in silk fiber), we must consider
the random quasi-phase match condition, and the SFG intensity was
calculated with the following equation:'

2

&)

ISOOIIR

M1\ inkqaran s
Z CFre:eprOJ Z lek (e )

ij.k

where d is the size of the individual domain, Al is the inter-domain
distance, and Ak is the phase mismatch among the SFG, 800 nm, and
IR beams. The 7/Ak determines the coherence length (Lc). Here,

e
the ( N

Lc, the (e_iAk(d+Al)f ) term accounts for the random quasi-phase

= ) term represents the phase synchronization within the

matching process,*"* and the N term in Eq. (6) is replaced with
summation.

Numerical SFG simulations were performed using Mathemat-
ica software. The details of numerical SFG simulation are described
elsewhere,'””’ and one example is provided in the supplementary
material. The refractive index was taken from the literature."* Since
the fiber was placed in the XY plane and rotated around the Z axis,
the tilt angle (6) with respect to the Z axis was set to 90° and the
azimuth angle (¢) was varied. The twist angle (y) was assumed to
be random, i.e., the f-sheet domain can freely rotate about the ¢ axis
inside the silk fiber. This assumption allowed us to integrate Eq. (8)
over y from 0° to 360° at given ¢ angles at a fixed tilt angle (6 = 90°)
for the single domain case (i.e., N = 1). The calculation was done for
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ppp> psp, spp» and ssp polarizations with ¢ varying from 0° to 360°
with an increment of 1.5°.

For the multiple domain case, we estimated the crystalline
B-sheet domain size (d) from the full-width-half-maximum
(FWHM) of the (002) peak in x-ray diffraction using the Scherrer
equation;”” from this, d was set to be 3.5 nm. Then, the N and Al
values were estimated from the volume fraction of the crystalline
B-sheet domains in the silk fiber. Assuming that the f-sheet domains
were homogeneously distributed in the fiber, the volume fraction
of 50% and the coherence length (Lc) of 260 nm corresponded to
N =18 and Al = 10.5 nm.” It is known that the ¢ axis of the B-sheet
is aligned along the fiber axis with a certain angular distribution.*’
The standard deviation of the ¢ axis alignment (0,) with respect to
the fiber axis was included as a variable in the calculation. Since the
fiber surface was rounded, the incident angle varied locally within
the laser irradiated area. This would be equivalent to a variance in
the effective local tilt angle and was modeled by varying the tilt angle
distribution (). The net polarity of multiple domains differs from
the polarity of a single domain depending on their polarity distri-
bution within the L¢ scale. The net polarlty was defined with the
directional excess (DE) in the following way 18

DE = Sum of the polarity of individual dimer

100(%), (10
Total number of dimers within L¢ X 100(%), (10)

where the polarity of the individual domain along the b axis (direc-
tion of C=0---H-N) could be either +1 or —1 depending on its
directionality. When all these variables (¢, 0g, and DE) were consid-
ered simultaneously, Eq. (9) could not be integrated analytically. So,
the calculation was done numerically by creating 2000 replicas with
random probability functions with given constraints for o, 04, and
DE, calculating SFG intensities of these 2000 replicas using Eq. (9),
and then averaging the calculation results, which can be summarized
as follows:

g - Z Lse(m) (1)

a1 Ivishir

where m is the individual case with different o, 09, and DE, and M,
was set to 2000. Taking the arithmetic average can be justified with
the random quasi-phase matching principle.'”* The calculation
with Eq. (11) was done for ppp, psp, spp, and ssp polarizations with ¢
varying from 0° to 360° with an increment of 1.5°.

lll. RESULT AND DISCUSSION

A. SFG spectra of crystalline g-sheet
domains in B. mori silk fiber

Figure 2 displays SFG spectra collected at three azimuth angles,
¢ =0°,45° and 90°, with ppp, psp, spp, and ssp polarization combi-
nations.”” Note that when fibers were rotated to acquire SFG spectra
at different azimuth angles, the laser beam spot moved to different
locations of the fibers. In addition, the distribution of incident angles
of the 800 nm and IR beam with respect to the normal direction of
the rounded fiber surface also changed as the sample was rotated. As
a result, the absolute intensities of SFG spectra collected at different
azimuth angles could not be compared directly. Furthermore,
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different gratings were used in the monochromator for the low and
high wavenumber regions, so the relative intensities of the amide-
L, I, and III modes vs the amide-A mode could not be compared
directly. However, within a given spectral region, the relative inten-
sities of spectral features collected with different polarizations at
the same azimuth angle could still be compared because they were
obtained without moving the sample or the beam spot—only the
polarizations of the 800 nm incoming beam and the SFG signal were
rotated.

In general, the polarization dependence of all vibrational peaks
exhibits similar patterns. At ¢ = 0°, the intensities of all peaks in
the amide-I, II, and III band regions are slightly larger in the spp
polarization than in the other three cases, i.e., Iy > Ippp ~ Lssp > Ipsp
[Fig. 2(a)]. The amide-A peak exhibits a slightly different pattern:
Ipp > Ippp > Lssp » Ipgp [Fig. 2(2)]. At ¢ = 45°, the relative intensity
pattern is Ipsp ~ Issp >> Igpp ~ Ippp in both low and high wavenum-
ber regions [Fig. 2(b)]. At ¢ = 90°, the relative intensity pattern is
Ipsp > Ipp ~ Isp = Ippp in all wavenumber regions [Fig. 2(c)]. The
relative intensities between the 1567 cm™ peak (amide-II) and the
1262 cm™" peak (amide-IIT) do not change significantly with the
azimuth angle change, but the relative intensity of the amide-I
band at 1632 cm™" with respect to these two bands is chang-
ing dramatically, that is, I1e3 ~ I1567 at ¢ = 0°, but Iie32 < L1567
at ¢ =90°.

B. IR and Raman spectra predicted by DFT calculation

Figure 3 compares the experimental Raman and IR spectra of
B. mori (silkworm) cocoon fibers with the theoretical spectra pre-
dicted using the tensors from DFT calculations for the antipolar
antiparallel GAGA-peptide dimer [Figs. 1(d)-1(f)]. Although the
calculated peak positions do not match prec1sely with the experi-
mental spectra, the overall trends are in reasonable agreement. We
do not know the damping factors of individual vibrational modes,
affecting peak intensities and widths, which will be a function of
interactions with neighboring functional groups and the rigidity
of the crystalline structure. Nonetheless, we can still compare the
experimentally computed spectra and select which mode of the
computation results corresponds to which peak in the experimental
data based on the polarization dependence.”” The rest of the
discussion is based on the comparison of these selected modes with
the experimental data.

C. Simulation of SFG intensity for amide-I
band of a single domain

The amide-I modes consist of ~75% C=O stretch, ~15% CN
stretch, and ~12% C4CN deformatlon ¢ Table I shows the normal-

ized Raman polarizability tensor ( af;)] ) and IR transition dipole

) in matrix form for the amide-I modes esti-

Ouy
aQ,
mated using the D, point group (to which the antiparallel p-sheet
belongs) and DFT calculations of the antipolar antiparallel
GAGA-peptide dimer. The D, point group calculation was done
following the methods descrlbed by Nguyen et al.”” and Ye et al.**
In the previous works,””*® the normal modes in the amide-I
region were analyzed with the assumption that the peptide bond
in the antiparallel B-sheet is perfectly aligned with the symmetry
constraints of the D, point group, and they can be modeled as

moment tensor (
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FIG. 2. SFG spectra, collected with four different polarization combinations, of degummed B. mori silk fiber placed within the XY plane of the lab coordinate with the azimuth
angle of (a) ¢ = 0° (fiber axis along the X axis), (b) ¢ = 45° (diagonal direction in the XY plane), and (c) ¢ = 90° (fiber axis along the Y axis). The laser incidence plane
is in the XZ plane. Note that the fibers have no directionality; thus, ¢ = 0° is equivalent to ¢ = 180°, and ¢ = 90° is equivalent to ¢ = 270°. The data shown here are the
average of three measurements, and the standard deviations at selected peaks are shown with error bars. The spectra are replotted from Ref. 45.

an isolated vibrational mode without coupling with side-chain
functional groups. Since the stretch directions of C=O in the
adjacent peptide bonds can be in-phase (0) or out-of-phase (1) with
respect to each other along the chain direction (¢ axis) and the

inter-chain phase.

inter-chain direction (b axis), there are four possible symmetries:
A(0,0), B1(0,m), B2(m,0), and B3(m,m).”>"**" In the parentheses,
the first character is the intra-chain phase, and the second is the
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FIG. 3. Raman and ATR-IR spectra of degummed B. mori silk fiber and Raman
and IR peaks calculated with the DFT-based tensors for the antipolar-antiparallel
GAGA-peptide dimer. The peak positions of the DFT-calculated vibrational modes
are adjl:sted with a scaling factor of 0.955, and the FWHM of the peak is set to
10cm~".

The A symmetry of the D, point group has non-zero values for
! ’ ! . .

®ga» Xpy» and o ; and zero for all other components in the polariz-
ability tensor; and zero in the dipole moment tensor (Table I). This
mode is IR-inactive and, thus, SFG-inactive because all 8., are zero
[Fig. 4(a)].

The Bl symmetry has non-zero elements at &/, aj,, and p;
(Table T); so, it has non-zero hyperpolarizability components, i.e.,
Babe = Bpae # 0, which go to the numerator terms in Eq. (6). However,

the Xeﬁz( term calculated with Eq. (7) is zero for all polarization

ARTICLE pubs.aip.org/aipl/jcp

combinations [Fig. 4(a)]. This is due to the symmetry cancellation
in the laboratory coordinate when 6 = 90° and y is freely rotatable.
In this geometry, any modes with g, = g, = 0 and non-zero 4, (that
is, its IR dipole is along the ¢ axis) gives no SFG signal, regardless of
the polarizability tensor, except the case where ag,, aj,;, and a/, are
non-zero, and all other components in the polarizability tensor are
zero (see Fig. S1 in the supplementary material). Even in this excep-
tion case, the SFG polarizations sensitive to chiral contributions (i.e.,
psp and spp) are zero, and only ppp and ssp polarizations give an SFG
signal when ¢ = 0°.

The B2 mode, in which adjacent C=O groups stretch out-
of-phase in the chain direction and in-phase in the inter-chain
direction, is the main one that gives a strong signal in SFG [Fig. 4(a)].
It has two main components, 8, , and 8, in the hyperpolarizability
tensor (Table I). In the psp polarization, which gives the strongest
signal among the four polarizations, the f8,, component gives a
dominant contribution at ¢ = 90° and 270°, and the 8_, component
contributes weakly in the ¢ = 0° and 180° directions (Fig. S2). The
spp polarization has a weak signal in the ¢ = 0° and 180° direc-
tions only. In contrast, the ppp and ssp polarizations have weak
signals in the diagonal angles (¢ = 45°, 145°, 225°, and 315°; i.e.,
four lobes along the diagonal directions in the polar plot). This is
in qualitative agreement with the experimental data shown in Fig. 2.
However, we can see that at ¢ = 45°, the D, point group predicts
Lssp > Ippp > Ipgp > Ispp, which is inconsistent with the experimental
data in Fig. 2. This discrepancy is because the calculation result
shown here was for a single domain and did not consider the angular
distribution of multiple domains (see Sec. I11 E).**

For the B3 mode, the IR dipole moments along the b axis are
canceled out, and only a small offset from the bc plane (i.e., along
the a axis) remains (Table 1)." Its IR intensity is small, and so is its
SEG intensity [Fig. 4(a)]. Except for its intensity, the polarization and
azimuth angle dependencies of the B3 mode are identical to those of
the B2 mode (Fig. S3). Because the B3 mode intensity is so weak, it is
difficult to reliably find the peak that can be assigned to this mode in

01:9€:€1 G20T Joquialdas 1o

TABLE I. Raman polarizability tensor and IR dipole moment of the amide-I modes calculated using the D, point group of the
antipolar antiparallel B-sheet and predicted with DFT calculations for the antipolar antiparallel GAGA-peptide dimer model.
Tensor components are normalized with the largest value of the 1632-1634 cm~" mode of each structure. The normalization
factors are —9.08 and 3.80 for the polarizability and dipole moment tensors of the D, point group, respectively. For the
antipolar antiparallel GAGA-peptide dimer, the normalization factors are 1.17 and 2.98 for the polarizability and dipole moment
tensors, respectively. Bold numbers indicate the elements with the largest number in each vibrational mode.

8()(1!]./ B‘uk,
9, )( 8Q, JPFT

. aot,/./ Ou,r -1 -1
D; point group ( BQ; )(C%q)pepﬁde bond model Exp cm DFT cm

020 0\ fo —022 008 037\ [-005
A v(0,0) ( 0 771 0 )(0) ( 008  2.64 0.32) (0.16) 1663 1664
0 o 217/ \o 037 082 055 0.02
0 122 0 0 004 049  —0.35\ [/-0.09
Bl U(O, 71) (1.22 0 0)( 0 ) ( 049  —076 141 )( 0.25 ) 1698 1677
0 o o/ \-027 —035 141 065/ \-0.35
o o -1\/o0 015 045 1 —0.09
B2 v(7m,0) ( 0 0 o0 )(1) (—0.46 0.65 0.28)( 1 ) 1632 1634
-1 0 o/\o 1 028 029/ \ 010
0 0 0 0.17
B3 v(7m, ) (o 0 2.11) 0 ) Not identified 1667
0 -211 0 0
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FIG. 4. Polarization and azimuth angle (¢) dependence of the SFG signals simulated for (a) amide-l modes with different symmetries within the D2 point group of the
antiparallel B-sheet peptide bond and (b) corresponding modes from DFT calculations of a single domain of the antipolar antiparallel GAGA-peptide dimer. The orange

numbers on the circles indicate the normalized intensity on an arbitrary scale.

IR spectra (Fig. 3). However, in the SFG spectra (Fig. 2), a small peak
can be identified at 1667 cm ™', which could tentatively be assigned
to this mode.”

The D, point group analysis assumes that the amide-I mode is
highly localized and not coupled with other side group vibrations,
but in reality, the vibrational modes are coupled (see movies 1-3
of the supplementary material).”* For that reason, no elements are
zero in the tensors calculated with DFT (Table 1). The 1664 cm™
mode, which is closest to the A mode based on the C=0 stretch
directions, has non-zero values in the dipole derivative tensor and
non-zero values in the off-diagonal components in the polarizability
derivative tensor. So, no terms in the hyperpolarizability are zero,

Le, all Bys # 0. However, the calculated X;;) is nearly zero due to

the symmetry cancellation in the laboratory coordinate. So, its SFG
intensity is nearly zero [Fig. 4(b)]. Similarly, the 1677 cm™ mode,
which is closest to the B1 mode based on the C=0O stretch directions,
has a weak intensity when the SFG intensity is calculated using the
tensors from DFT calculations [Fig. 4(b)].

The 1634 cm™! mode, closest to the B2 mode, exhibits four
lobes in the ¢-polar plot for the psp polarization: two strong ones
along ¢ = 90° and 270° but asymmetric, and two weak ones along
¢ = 0° and 180° [Fig. 4(b)]. The spp, ppp, and ssp polarization cal-
culation results are similar to the ones calculated for the D, point
group, but asymmetric along the ¢ = 90° and 270° directions. These
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TABLE II. Raman polarizability and IR dipole moment tensors for amide-A modes from DFT calculations for the antipolar
antiparallel GAGA-peptide dimer. The tensor components are normalized with the large value of the mode at 1634 cm™".
Bold highlights are the tensor elements that have large effects on the SFG intensity.

( a;(’)’;' )( g’g; )DFT Exp cm™! DFT cm™!
-058 156 182\ [-0.11
Coupled NH stretching ( 156 377 0.40)( 0.74 ) 3275 3306
182 040 164/ \ 0
~046 —045  L11'\ {002
Isolated NH stretching (—0.45 ~8.66 —1.16) (0.50) 3370
L -116 -333/ \0.02

asymmetric features are due to the coupling with (or contribu-
tions from) the non-zero y, component in the dipole derivative
tensor (Fig. S4) and the non-zero aj, and &/, components in the
polarizability derivative tensor (Fig. S5). The non-zero «/, and aj,
components and non-zero a,,, &, and &, components have no
impact (Fig. S6).

In DFT calculations with the antipolar antiparallel GAGA-
peptide dimer model, we could not see the normal mode that is close
to the B3 symmetry. This is probably because the structural model
used here does not have stacking along the a axis. It is known that
the dipoles of the B3 symmetry are effectively canceled within the bc
plane, leaving only a small component perpendicular to the plane.”
Thus, the B3 mode would be sensitive to van der Waals interactions
along the sheet stacking direction.

D. Simulation of SFG intensity for amide-A band
of a single domain

The amide-A and B modes are from the Fermi resonance of
the NH stretching modes and overtones of the amide-II modes.*°
The amide-B band is weaker than the amide-A band in both Raman
and IR spectra (Fig. 3), and it is not discernible in the SFG spectra
(Fig. 2). Thus, only the amide-A mode will be discussed here.
DFT calculations do not provide overtone and Fermi resonance
modes, but their symmetry should be the same (at least, similar)
to the fundamental NH stretch mode because the symmetry is
conserved in the Fermi resonance process. DFT calculations of the
antipolar antiparallel GAGA-peptide dimer model showed many
NH stretching modes; the 3306 cm™ and 3370 cm™ modes appear
prominent in the IR spectrum (Fig. 3). The 3306 cm™"' mode is one

90
120 —

90
(a) 120 60 (b)
150\/ \ 30

:/ i Sqﬁ

180 | 0

150

"330

of the collective stretches of multiple NH groups, and the 3370 cm™

mode is the stretch of an individual NH group. Table II presents
the Raman polarizability and IR dipole moment tensors of these two
modes.

The coupled NH stretch mode at 3306 cm™ has large values
at the o}, a/,, and /. positions where large values are found in the
tensor of the C=0 stretching mode at 1634 cm™". Thus, the polar-
ization and azimuth angle dependences of the SFG signal of the
3306 cm™! mode [Fig. 5(a)] are similar to those of the 1634 cm™!
mode [Fig. 4(b)]. The isolated NH stretch mode at 3370 cm™ has
large o, and af, values, in addition to the a;, and a;, elements,
in the polarizability derivative tensor, so the azimuth angle depen-
dence of the SFG signal of this mode [Fig. 5(b)] is highly asymmetric
along the ¢ = 90° and 270° directions [as shown in Fig. S5(b)]. The
non-zero values in other elements in the Raman polarizability tensor
have negligible effects (Fig. S6).

E. Simulation of SFG intensity for amide-I
and A bands of multiple domains

The calculation results shown in Secs. I11 C and 111 D are for the
single domain. In reality, SFG measures the signals from multiple
domains within the effective probe volume. Thus, the relative polar-
ity (which is quantified as DE in this work) as well as orientational
distributions with respect to the fiber axis and surface (o, and og)
will affect the SFG intensities. From the literature, it is known that
the ¢ axis of the antiparallel -sheet crystal is aligned along the silk
fiber axis with a standard deviation of ~27°.*° This could be modeled
as a Gaussian distribution of the azimuth angle of crystallites (with
a standard deviation of 0,) at a given azimuth angle (¢) of the fiber

FIG. 5. Polarization and azimuth angle
(¢) dependence of SFG signals cal-
culated with DFT-based tensors of (a)
concerted N-H stretches (coupled with
adjacent N-H vibrations) at 3306 cm~"
and (b) one of the isolated N-H stretches
at 3370 cm~' of a single domain of
the antipolar-antiparallel GAGA-peptide
dimer. The orange numbers on the cir-
cles indicate the normalized intensity on
an arbitrary scale for comparison with the
1634 cm=" mode in Fig. 4(b).
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with respect to the laboratory coordinate. In addition, the rounded
surface of the silk fiber effectively changes the local incidence angle
of the probe beam. This could be modeled with a Gaussian distribu-
tion with a certain standard deviation of the crystal tilt angle (op).
The effects of DE, 0, and g were modeled using Eq. (11).

Figure 6 compares the polarization and azimuth angle depen-
dences of the SFG signal of 1634 cm™' mode (amide-I) and
3306 cm™! mode (amide-A) simulated with the tensors from DFT
calculations for DE = 0% (statistically bidirectional along the b axis)
and 100% (fully unidirectional along the b axis) for selected o, and
o distributions; more cases with smaller increments in o, and oy
are shown in Figs. S7 and S8. First, we can see that the SFG intensi-
ties of the main modes in the amide-I and A regions are symmetric
along the ¢ = 90° and 270° directions in the DE = 0% case, while they
are slightly asymmetric [as is in the single domain case in Figs. 4(b)
and 5(a)] in the DE = 100% case. Even the 3370 cm™! mode, which
is highly asymmetric in the single domain calculation [Fig. 5(b)],
becomes symmetric along the ¢ = 90° and 270° directions when
DE = 0% case (Fig. S9). Although the experimental intensities were
somewhat fluctuating, we believe that the experimental data (Fig. 2)
match better with the DE = 0% case. There is no thermodynamic
driving force to enforce the polarity of the antiparallel -sheets in

ARTICLE pubs.aip.org/aipl/jcp

the silk fiber in one direction when they are crystalized during the
natural dehydration process of the fiber synthesis.””"’

Second, we can see that the degrees of azimuth angle depen-
dence of all polarization signals decrease as o, and 0y increase,
which is somewhat expected. Without considering these angular
distributions, the experimental SFG data collected at ¢ = 45° could
not be explained (see Sec. Il C). By comparing the relative inten-
sities of the psp, spp, ssp, and ppp SFG intensities at three ¢ angles
with the theoretically calculated intensities using the D, point group
[Fig. S7(b)], we have calculated root-mean-square deviation
(RMSD) between the experiment and SFG simulation results
obtained at three azimuth angles. The details of RMSD calculations
are presented in the supplementary material,* and the RMSD
calculation results for each azimuth angle (¢ = 0°,45°,90°) and all
three angles together are shown in Fig. S10.

When the experimentally observed polarization dependence of
the amide-I band is compared with the calculation results obtained
for the B2 symmetry of the D, point group, the most likely 0, and og
are estimated to be ~27° and ~5°, respectively [Fig. S10(d)].* When
the experimental data of the amide-I mode are compared with the
theoretical trends calculated with the tensors from DFT calculations,
the angular distributions are found to be slightly larger: o, ~ 35° and

(a) Amide | (DFT) (b) Amide A (DFT)
— — — — — = — —
(O'lp ,0'6) = = & P = &
DE = 0% DE =100% DE =0% DE=100% = PPP
120 90 60 120 90 60 120 e 60 120 e 60 psp
X1 X1 X0.5 X0.5 — SPpP
150 30 150 30 150 30 150 30 — 5P
N e "o "o
(0,0) 180 0 180 0 180 0 180 0
210 330 210 330 210 330 210 330
240 300 240 300 240 300 240 300
270 270 270 270
120 e 60 120 L 60 120 £ 60 120 e 60
X2 X2 X1 X1
150 30 150 30 150 30 150 30
¢ o e "o
(20,20) 180 15 180 0 180 0 180 0
210 330 210 330 210 330 210 330
240 300 240 300 240 300 240 300
270 270 270 270
X1 0 90 60 X 120 e 60 120 20 60
150 30 5150 30 X5150 30
¢ "o Ne
(40,40) 180 0 'S 180 0 180 0
210 330 210 330 210 330
2030 20 30 #0300 240 5 300
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FIG. 6. Polarization and azimuth angle (¢) dependence of SFG signals, calculated using the tensors from DFT calculations, of (a) amide-I mode at 1634 cm=" and (b)
amide-A mode at 3306 cm™" for bidirectional (DE = 0%) and unidirectional (DE = 100%) arrangements with the standard deviations of azimuth (o) and tilt angle (o)
distributions marked in the left. More incremental charts are shown in Fig. S7. The intensities of ¢-polar plots are normalized relative to the amide-l mode of the case with
DE = 0% and g, = g9 = 0°.
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TABLE IIl. Raman polarizability and IR dipole moment tensors for the dominant
modes in the amide-Il and Ill modes from DFT calculations of the antipolar antiparallel
GAGA-peptide dimer. The tensor components are normalized with the largest values

of the 1634 cm~" mode.
60{1/./ 6[4 ’
(T )(38 o

Expcm™ DFT cm™

026 025 004\ [-0.03

Amide IT mode ( 025 025 vos) (0418) 1567 1475
004 006 092) \-076
031 041 166\ [ 0.08

Amide III mode (041 —0.70 1.49) (om) 1265 1207
166 -149 -0.82) \ 0.17

0g ~ 25° [Fig. S10(h)]. The results obtained with the amide-A mode
show g, ~ 35° and gg ~ 10° [Fig. S10(1)]. The self-consistency among
the angular distribution analysis results for amide-I and amide-A
suggests that the DFT-calculated tensors are quite reasonable for
these modes. The reason that the calculation results are based on
the D, point group might be due to the ignorance of vibrational
couplings among neighboring groups, which causes deviation of
these vibrational modes from the perfect B2 symmetry.

F. Simulation of SFG intensity for amide-Il and Il
bands

Table III displays the Raman polarizability and IR dipole
moment tensors for the dominant modes in the amide-II and III
band regions for the antipolar antiparallel GAGA-peptide dimer.
The amide-II modes primarily involve NH in-plane bending and
CN stretching, with some contributions from Hy bending."”" So,
they have a relatively large y, component and an intermediate y;,
component in the IR tensor. They also have a relatively large af,
in the Raman tensor. The polarization and azimuth dependence of
all modes in the amide-II region calculated for the single domain
shows a large signal in the ppp polarization along the ¢ = 0° and
180° directions and weak signals in other polarizations (Fig. S11).
Even if the multiple domains with DE = 0% are considered, the
general trend does not change (Fig. S12). This trend does not match
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with the experimentally observed pattern in Fig. 2. This discrepancy
must mean that the dimer model used in this study [Figs. 1(a)-1(c)]
may not be big enough to simulate the amide-II modes (as in the
case of the B3 symmetry mode in the amide-I region).

The amide-IIT modes encompass various vibrational displace-
ments, including NH in-plane bending, CN stretching, H, bending,
and vibrations of other side groups at the Cq position.”® The SFG
intensities calculated for the single domain using the tensors shown
in Table 111 show highly asymmetric patterns along the ¢ = 90° and
270° directions, and the psp peak is smaller than the ssp peak except
at ¢ = 270° [Fig. 7(2)]. In the case of the multiple domains with
DE = 0%, the psp peak becomes dominant and symmetric along the
¢ =90° and 270° directions. Figure 7(b) shows the DE = 0% case with
0y ~ 30° and o ~ 20°. The overall trend is in qualitative agreement
with the trend shown in Fig. 2. However, the calculated intensity
ratio of the amide-III vs amide-I (I1207/I1634) is smaller than 1, while
the experimental data show the opposite trend. Again, we speculate
that this might be due to the limited size of the structural model used
in this study.

G. Simulation of SFG intensity for CH deformation
region

In the spectral region between amide-II and III bands, various
types of deformations of the side groups at the C, position (two
hydrogens for glycine and the hydrogen and methyl group for
alanine) are involved.’® The tensor values for the 1357 cm™! mode
obtained from DFT calculations, which involve symmetric CH3
bending coupled with CH, wagging, are shown in Table I'V. Based
on the relative magnitudes of components in the IR tensor, its dipole
moment is pointing in the diagonal direction in the ab plane and
slightly tilted along the c axis. The relative magnitudes of all compo-
nents in the Raman tensor are comparable to each other (that is, no
single component is excessively dominant).

The SFG intensities calculated using these tensor values are
shown in Fig. 8. In the case of a single domain, the spp signal is sym-
metric along the ¢ = 90° and 270° directions, and all other polariza-
tions are asymmetric in the ¢-plot [Fig. 8(a)]. However, in the case
of multiple domains with DE = 0%, the azimuth angle dependence
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FIG. 7. Polarization and azimuth angle (¢) dependence of SFG signals calculated with the tensors obtained from DFT calculations for one of the amide-IIl modes at 1207 cm~"
for (a) a single domain and (b) multiple domains with DE = 0%, o, ~ 30° and a4 ~ 20°. The orange numbers in (a) indicate the normalized intensity on an arbitrary scale
for comparison with the 1634 cm~" mode in Fig. 4(b). The multiplication factor in (b) shows the relative scale with respect to the 1634 cm~" intensity for the DE = 0% and
o, = 0g = 0° casein Fig. 6(a).
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TABLE IV. Raman polarizability and IR dipole moment tensors of the 1357 cm~" mode in the CH deformation region calcu-
lated for the antipolar antiparallel GAGA-peptide dimer. The tensor components are normalized with the largest values of the

1634 cm~! mode.

B(X’m Ou,r -1 -1
( 6qu )( a‘quq )DFT Expcm DFT cm
CH3 symmetric bending at 027 013 -086\ [ 0.13 1370 1357
alanine coupled with CH, 013 044 036 |{ -015
wagging at glycine -086 036 028/ \ 0.08
90 90 — PP,
(a) 120 60 (b) 120 — 60 —Sp
150\/ “/‘30 150\/ ‘ /30 -— S5
180 0’ 180 0
210 330 210 /330

N 7

240 . 300
270

240 . 300
270

FIG. 8. Polarization and azimuth angle (¢) dependence of one of the CH; symmetric bending modes, coupled with the CH, wagging mode, at 1357 cm=" for (a) a single
domain and (b) multiple domains with DE = 0% and angular distributions (o, = 30° and o = 20°). More incremental charts are shown in Fig. S13. The orange numbers in
(a) indicate the normalized intensity on an arbitrary scale for comparison with the 1634 cm~" mode in Fig. 4(b). The multiplication factor in (b) shows the relative scale with
respect to the 1634 cm~" intensity for the DE = 0% and g, =0 =0° casein Fig. 6(a).

becomes  symmetric and the psp  signal  becomes
dominant in the ¢ = 90° and 270° directions (Fig. S13). Although
this is qualitatively consistent with the trend observed in the
experiment (Fig. 2), its intensity simulated from the DFT-based
tensors is significantly smaller than the 1634 cm™ mode as
compared to the experimental data.

H. Comparison of antipolar vs polar conformations
of antiparallel GAGA-peptide dimer

DFT calculations were also carried out for the polar antipar-
allel GAGA-peptide dimer [Figs. 1(a)-1(c)], which represents
the structural model proposed by March ef al. in 1955 The
DFT-based tensors and simulation results obtained for the polar
conformation are shown in the supplementary material (Tables
S1-S2 and Figs. S14-S16). The overall trends were similar to the
ones observed for the antipolar antiparallel GAGA-peptide dimer
case [Figs. 1(d)-1(f)]. The main difference between these two models
was the degree of asymmetry along the ¢ = 90° and 270° directions
in the ¢-polar plot for the single domain and the multiple domains
with DE = 100% cases. The comparison of the trends described for
the antipolar conformation in the previous sections and those
for the polar conformation in the supplementary material sug-
gests that SFG would not be able to differentiate the antipolar vs
polar conformations of the antiparallel p-sheet if DE = 0%. If
DE = 100%, the azimuth angle dependent measurement of the
psp-SFG signal of the amide-I and A modes would be able
to distinguish the antipolar vs polar conformations. However,
such polar alignments are statistically unlikely when the B-sheet

crystallization naturally occurs during the dehydration process of
the silk fiber.”*’

IV. CONCLUSION

This study demonstrates how DFT calculations can be used
to predict the polarization and azimuth angle dependence of SFG
signals of antiparallel B-sheet domains in B. mori silk fiber. The
B-sheet was modeled with a dimer of two GAGA peptides paired
in the antiparallel direction, and the terminal groups were replaced
with iodine to avoid artifacts due to loose chain ends. The Raman
polarizability and IR dipole moment tensors obtained from DFG
calculations of this small structural model could explain the polar-
ization and azimuth angle dependence of the amide-I and A bands of
antiparallel -sheet. The DFT calculation results for amide-II did not
match with experimental data, which suggested vibrational coupling
within a larger crystalline domain may dominate the SFG spectral
features of these modes. The calculation results for amide-III and the
CH deformation modes were in qualitative agreement with experi-
mental data, although the predicted intensities were much smaller.
The methodology demonstrated here can be applied to the structural
analysis of other biopolymers.

SUPPLEMENTARY MATERIAL

The supplementary material contains the following: I. Effects of
various non-zero tensor components on polarization and azimuth
angle dependence of B2 and B3 symmetry modes of the D2 point
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group, II. Effects of chain alignment and tilt angle distribution of
the amide-I mode close to B2 symmetry of the D2 point group, IIL
Polar plots of all amide-II modes predicted from DFT calculations
of the antipolar antiparallel GAGA-peptide dimer model, IV. Polar
plots of a CH deformation mode predicted from DFT calculations
of the antipolar antiparallel GAGA-peptide dimer model, and V.
Comparison of the DFT calculation results and predicted SFG
intensities for the antipolar vs polar conformations of the antipar-
allel GAGA-peptide dimer.
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