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Abstract

Self-assembly of short peptides into nanostructures has become an important strategy for the 

bottom-up fabrication of nanomaterials. Significant interest to such peptide-based building blocks 

is due to the opportunity to control the structure and properties of well-structured nanotubes, 

nanofibrils, and hydrogels. X-ray crystallography and solution NMR, two major tools of structural 

biology, have significant limitations when applied to peptide nanotubes because of their non-

crystalline structure and large weight. Polarized Raman spectroscopy was utilized for structural 

characterization of well-aligned D-Diphenylalanine nanotubes. The orientation of selected 

chemical groups relative to the main axis of the nanotube was determined. Specifically, the C-N 

bond of CNH3
+groups is oriented parallel to the nanotube axis, the peptides’ carbonyl groups are 

tilted at approximately 54° from the axis and the COO− groups run perpendicular to the axis. The 

determined orientation of chemical groups allowed the understanding of the orientation of D-

diphenylalanine molecule that is consistent with its equilibrium conformation. The obtained data 

indicate that there is only one orientation of D-diphenylalanine molecules with respect to the 

nanotube main axis.
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Introduction

The self-assembly of short hydrophobic dipeptides into microporous materials has become 

an important strategy for bottom-up fabrications of nanostructures. Such peptide-based 

molecular building blocks can be used to design highly organized nanoscale structures. Wide 

*Corresponding author: ilednev@albany.edu, Phone: (518) 591 8863, Fax: (518) 442-3462. 

HHS Public Access
Author manuscript
J Raman Spectrosc. Author manuscript; available in PMC 2017 September 01.

Published in final edited form as:
J Raman Spectrosc. 2016 September ; 47(9): 1056–1062. doi:10.1002/jrs.4884.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variety of hydrophobic dipeptides have showed a great potential for application in areas such 

as gas storage and selective adsorption.[1] Due to the ability to form unique structures with 

hydrophilic orifices, they are attractive candidates as models for membrane channels through 

which transportation of water, ions, and larger molecules can theoretically take place.[2] To 

address specific applications, nanotubes with different morphologies and aspect ratios can be 

produced by varying preparation conditions, including copolymerization with organic 

monomers or using peptides with different functional groups.[3, 4] Varying the processing 

conditions allows for control of the surface hydrophobicity that can then serve as the basis 

for designing enhanced biological interfaces, which could further lead to potential 

biosensors.[3, 5]

One of the most commonly used building blocks is diphenylalanine (FF), a short dipeptide 

which has been identified as playing a key role in the core-recognition motif of Alzheimer’s 

disease, the β-amyloid protein (Aβ).[6, 7] Diphenylalanine nanotubes exhibit unique 

functional properties such as crystallinity, high aspect ratios and high thermal stability[8] and 

their applications include drug delivery, sensing, and nanoelectronics.[9–11] Several groups 

have demonstrated the rich polymorphism of self-assembled diphenylalanine and their 

ability to form nanotubes, nanofibrils, nanospheres and hydrogels.[12]

Most of the previously reported nanotubes were self-assembled in either aqueous or organic 

solutions. In this study, we have characterized di-D-diphenylalanine nanotubes grown using 

a hybrid vapor deposition procedure, plasma enhanced chemical vapor deposition 

(PECVD).[3, 13] PECVD-based self-assembly of peptide nanotubes has produced highly 

ordered and uniform three-dimensional nanostructures.

X-ray crystallography and solution NMR, two major tools of structural biology, have 

significant limitations when applied to peptide nanotubes due to their non-crystalline and 

insoluble nature as well as their large molecular weight. However, several structural models 

were proposed based on single-crystal X-ray diffraction measurements carried out on 

microcrystals grown at different conditions.[1, 2, 14] Peptide nanotubes have been intensively 

investigated by scanning electron microscopy and atomic-force microscopy, focusing mainly 

on physical properties, such as thermal, chemical and conformational stability,[15] rather 

than structural organization.

Raman spectroscopy is a powerful nondestructive technique used for studying the structure 

and conformation of molecular species. It has been applied to study many types of materials, 

including inorganic[16, 17] and organic compounds, [18, 19] polymers,[20] proteins[21] and 

peptides.[22] Raman spectroscopy has the ability to probe a protein’s secondary and tertiary 

structure, determine the conformation of side chains, and determine the local environment of 

aromatic amino acid residues.[21, 23, 24] In particular, Asher with co-workers[25] have 

developed a semiempirical approach for obtaining the distribution of a dihedral Ψ angle that 

determines the conformation of the polypeptide backbone.[26] Ultraviolet resonance Raman 

spectroscopy is a powerful tool for structural characterization of protein aggregates, 

including the core of amyloid fibrils.[27–29] The structure and composition of the surface of 

amyloid fibrils can be probed using a novel technique called tip enhanced Raman 

spectroscopy.[30, 31]
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Polarized vibrational spectroscopy is a powerful tool for probing the structure of elongated 

species including synthetic and natural fibers,[32, 33] amyloid fibrils[34–36] and 

nanotubes.[37, 38] Polarized Raman spectroscopy can provide information about the 

orientation of chemical groups in an anisotropic sample of aligned species. Strempel and 

Kiefer used polarized Raman scattering for accurate determination of repulsive states.[17] 

The polarization characteristics of Raman scattering are related to the polarizability tensor 

and carry symmetry information about the corresponding chemical group. If the Raman 

tensor is known, Raman band anisotropy measurements allow for the retrieval of this 

information.[39–48] In particular, this method has been utilized for studying diphenylalanine 

nanotubes,[38] single-walled carbon nanotubes,[37, 49] polymers[20, 32, 50] and small 

molecules,[47] silk[51] and amyloid fibrils.[34, 52]

The theoretical background of orientation measurements by Raman spectroscopy has been 

extensively described in literature devoted to polarized Raman spectroscopic 

measurements.[42, 43] A quantitative interpretation of polarized Raman spectra requires the 

knowledge of a Raman tensor of a particular vibrational mode that can be described in terms 

of three non-zero components.[39, 53, 54] The orientation determination is based on the 

measurement of four polarized Raman spectra in the backscattering configuration.[33, 55] 

This approach avoids the displacement or rotation of the sample, thus ensuring that all four 

polarized spectra are measured from the same spot on the sample.[46] The calculation of two 

depolarization ratios allows for the determination of the second and fourth coefficients, or 

order parameters, of the orientation distribution function.[44, 51, 56]

In this study, polarized Raman spectroscopy was used for determining the orientation of di-

D-phenylalanine (D-FF) molecules within a nanotube. Raman spectra were acquired for four 

different polarization configurations for a highly aligned bundle of the nanotubes. This data, 

in conjunction with a high orientation order of the sample and known local Raman tensors 

for specific vibrational modes, was used to obtain both qualitative and quantitative 

information about the orientation of specific chemical groups with respect to the main axis 

of the nanotube. An orientation of D-FF molecules with regard to the main axis of the 

nanotube was also predicted.

Materials and Methods

Sample preparation

Materials—The peptide di-D-phenylalanine was purchased from Bachem (Bubendorf, 

Switzerland). The di-D-phenylalanine nanotubes were formed at high concentrations in 

water. Their self-assembly has been observed both in aqueous and organic solutions and the 

nanotubes used in these experiments were formed via PECVD process. A home-built reactor 

was used for the PECVD deposition of peptide nanotubes on rigid and flexible substrates 

such as silicon and polydimethylsiloxane (PDMS). Briefly, the D-diphenylalanine was 

heated under vacuum and deposited on a substrate at room temperature. The sample set-up 

consists of a sample boat containing peptides, (sublime at ~220 °C) and the substrate, which 

was placed downstream from the plasma zone to avoid plasma bombardment effects and to 

allow it to be maintained at lower temperatures. Deposition was carried out under low 

vacuum conditions, with low chamber pressure (0.03 Torr), low argon flow rate (99.99% 
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purity, flow rate of 10 cm3/min) and low RF power (30 W).[3] The RF power was pulsed 

with frequency ranging between 100 Hz to 1000 Hz and duty cycles ranging from 25% to 

100%, since previous studies have reported that using a low power pulsed plasma helps the 

activation as well as the retention of chemical activity of the deposited molecule.[57, 58] The 

morphology and PECVD deposited di-D-phenylalanine nanotubes are shown in Fig. S1. 

Suspension of nanotubes were prepared by adding dry nanotubes to deionized water. The 

prepared suspension was sonicated for 5 min and then aliquots (5–20 μL) of the nanotube 

suspensions were dropped onto aluminum foil and air-dried.

Polarized Raman spectroscopy

Spectra were recorded in the backscattering geometry with a LabRam HR Evolution Raman 

microscope (Horiba Jobin Yvon). A 785 nm diode laser was focused on the sample with a 

100x objective (0.9 NA-Olympus) and the power adjusted to approximately 10 mW. No 

damage or spectral modifications were observed in samples under these conditions. A half 

wave plate was used to select the polarization of the incident laser beam and a polarizer was 

used to select the X or Z component of the scattered beam. An optical scrambler was 

installed before the spectrometer entrance slit to eliminate the polarization dependence of 

the grating. Polarized Raman spectra were recorded for various polarization geometries, XX, 

XZ, ZX and ZZ, where the Z direction corresponds to the long axis of the nanotubes and the 

Y-axis corresponds to the propagation direction of the incident and scattered light.

Data Analysis

Data acquisition and processing were performed using LabSpec6 software (Horiba Jobin 

Yvon). The spectra were baseline corrected over the 300–1800 cm−1 spectral range using a 

polynomial baseline, followed by 7–11 points smoothing. From the intensity ratios, RZ and 

RX, the orientation order parameters, 〈P2〉 and 〈P4〉, were calculated by applying methods 

previously described.[38, 46] All calculations were performed in MATLAB (version R2105a) 

and Maxima, a computer algebraic system.[59]

Determining the orientation of chemical groups

The orientation of chemical groups in an anisotropic sample can result in an anisotropic 

orientation of the corresponding Raman tensors. For a uniaxial system with cylindrical 

symmetry, the molecular orientation can be described by an orientation distribution function, 

N(θ), where θ is the angle between the unique laboratory axis of the system and the 

principal axis of the polarizability tensor corresponding to the vibrational mode.[32, 38] This 

distribution can be expanded in a series of even Legendre polynomials.[44, 46] Polarized 

Raman spectroscopy provides information to obtain the second and fourth coefficients, 〈P2〉 
and 〈P4〉, where 〈Pi〉 is the Legendre polynomial of degree i, whose average value is defined 

as the orientation order parameter. It has been shown for systems possessing cylindrical 

symmetry that the order parameters 〈P2〉 and 〈P4〉 can be determined using intensity ratios 

RZ and RX. The former parameters allow for obtaining the most probable orientation 

distribution Nmp(θ) using methodology described elsewhere.[38, 44, 46, 51, 56, 60] Briefly, the 

method is based on obtaining four polarized Raman spectra (ZZ, XX, ZX, and XZ) in the 

backscattering configuration, where the letters correspond to the incident and scattered light 

polarizations, respectively. The intensity ratios RZ and RX for individual Raman bands (IZZ, 
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IZX, IXX, and IXZ) are related to parameters A and B, which take into account the 

depolarization of the incident and scattered beams (see below for more details)

(1)

(2)

Components of the tensor, 〈(αij)2〉, can be related to the components in the molecular frame 

and the orientation parameters 〈P2〉 and 〈P4〉[38, 42, 46]

(3)

(4)

(5)

(6)

where

(7)

(8)

(9)
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For a Raman tensor with cylindrical symmetry

where a = α1/α3 = α2/α3.

The parameter a of the Raman tensor can be determined from the depolarization ratio, Riso, 

acquired for an isotropic sample from Eqns (1, 2) (for which 〈P2〉 = 〈P4〉 = 0).

(10)

The calculations (Eqns 1, 2 and 10) also require the use of additional correction 

parameters,[61, 62] A = 4.088 and B = 1.0624, which come from integrations of the squares 

of the electric vector components (Eqn 11) over the solid angle of light collection, Ω

(11)

where V is the total volume, Ee and Es are the electric vectors of the excitation and scattered 

radiation respectively, and α is the polarizability tensor.[46, 62]

The constants A and B take into account the depolarization of the incident and scattered 

beams in the focal plane associated with the use of a high numerical aperture objective (NA 
= 0.9), objective semi-angular aperture (θm), and a sample refractive index (n = 1.4)[38] 

according to Eqns (12–14).

(12)

(13)

(14)
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Results and Discussion

Based on SEM data and AFM analysis, the PECVD deposited di-D-diphenylalanine 

nanotubes had a tube-like morphology with a diameter of about 100 nm and a length 

between 10 and 20μm (Fig. S1).[3] Raman spectra collected from an anisotropic sample at 

various polarization configurations is expected to show substantial differences in peak 

intensities when the orientation of chemical groups causes polarization anisotropy. A set of 

Raman spectra acquired using four polarization geometries (XX, ZZ, XZ, and ZX), is 

typically sufficient for characterizing the orientation of chemical groups, providing that the 

polarizability tensors are known. Polarized Raman spectroscopy was used for 

characterization of the orientation of chemical groups in D-FF nanotubes. Polarized Raman 

spectra XX, ZZ, XZ, and ZX were measured for a bundle of well-aligned nanotubes, the 

optical image of which is shown in supplementary Fig. S2. The laboratory coordinate system 

(XYZ) is defined in such a way that the Z-axis corresponds to the main axis of the aligned 

nanotubes and the Y-axis corresponds to the propagation direction of the incident and 

scattered, or collected, light (Fig. 1).

Significant differences in the intensities were found between the ZZ and XX polarized 

Raman spectra for many bands (Fig. 1). For example, the band at 1131 cm−1, which can be 

assigned to the NH3
+ rocking vibration mode,[63, 64] ρ(NH3

+), exhibited major variations. 

The position of this band in the Raman spectrum indicates that amine group in the D-FF 

nanotube is protonated. Moreover, the appearance of the band is in agreement with another 

band at about 495 cm−1, which is assigned to the torsional vibration of NH3
+ group, 

τ(NH3
+).[64–66]

It is important to make sure that the nanotubes are well aligned in the sample. To estimate 

the degree of alignment, we calculated the orientation parameter f, also known as the 

pseudo-order parameter.[32]

where IXX and IZZ are the Raman intensities of the peak of interest in the XX and ZZ 

spectra, respectively. For an isotropic sample, f equals zero; the value of f increases as the 

molecular orientation becomes increasingly more aligned until it reaches 1, which signifies a 

perfect parallel orientation. We obtained a value for f of 0.98 for the 1131 cm−1 band, which 

indicates excellent alignment of the nanotube.

The lower portion of Fig. 1 shows the Raman spectra from the two cross-polarizations, XZ 

and ZX. Because these crossed-polarized spectra overlap within experimental error confirms 

that no displacements or rotations of the sample occurred during the measurements.[46] Most 

importantly, this result experimentally verifies the accuracy of the polarization Raman 

measurements and also shows that the conditions for the application of the uniaxial model 

for polarized Raman spectral data analysis are satisfied.[38, 67, 68] For systems with uniaxial 

symmetry, the polarized Raman spectroscopy allows only the second and fourth order 

parameters, 〈P2〉 and 〈P4〉, to be obtained. As previously mentioned, these are the first two 
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coefficients of the Legendre polynomial expansion of the orientation distribution 

function.[45, 46, 55, 69]

Quantitative interpretation of polarized Raman spectra (Fig. 1) requires the knowledge of a 

Raman tensor for a specific vibrational mode of interest. In general, a Raman tensor relates 

the polarization direction of the exciting light to the polarization direction of the scattered 

light.[39, 53] A Raman tensor corresponding to a particular vibrational mode can be described 

in terms of three non-zero components (principal axes) that can be determined using 

polarized Raman spectroscopic measurements.[54] The procedure for determining the 

orientation of chemical groups based on polarized Raman spectroscopy has been previously 

reported.[20, 38, 46, 60]

Orientation of chemical groups

Amide I and Amide III Raman bands—The intensity of the amide I band was used to 

determine the orientation of the carbonyl groups in D-FF nanotubes, with respect to the 

nanotube axis. The amide I Raman band is mainly associated with the C=O stretching 

vibrational mode mixed with C-N stretching and Cα-C-N deformation.[70–73] For nanotubes, 

the amide I band is located at 1645 cm−1, as seen in Fig. 2. For the aligned D-FF nanotubes, 

calculated intensity ratios RZ and RX for this peak were 0.1±0.02 and 0.2±0.03. To evaluate 

the orientation of the principal axis of the Raman tensor (PART) with respect to the main 

axis of D-FF nanotubes, the Raman tensor of the amide I and amide III modes reported by 

Lekprasert et al was used.[38] Tensor elements of the amide I and the amide III vibrational 

modes are represented in the form of ratios r1=α1/α3 and r2=α2/α3. For the amide I, r1 and 

r2 were −0.016and 0.274 and for the amide III, r1 and r2 were −0.085 and0.356.[38]

Based on the above, values of 〈P2〉 and 〈P4〉 were calculated to be approximately 0.18 and 

0.31, respectively for the amide I band. The 〈P2〉 order parameter determines the molecular 

orientation; values −0.5 and 1 correspond to a perfect orientation at 90° and 0°, respectively, 

from the nanotube axis. It also has been shown that parameters 〈P2〉 and 〈P4〉 are not totally 

independent, and values of 〈P4〉 associated with a given 〈P2〉 value are limited by:[44]

(15)

The maximum value of 〈P4〉 results in a bimodal distribution of the Raman tensor centered 

at 0° and 90°. If 〈P4〉 = 〈P4〉min the orientation distribution function is unimodal and is given 

by the delta function centered at an angle θ0.[44, 74, 75] This angle also corresponds to the 

mean value of the orientation distribution and can be calculated when only 〈P2〉 is 

known.[38, 46]

(16)
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For all other 〈P2〉 values, the orientation distribution can be obtained from the most probable 

orientation distribution function, Nmp(θ).[43] Based on the experimentally determined 〈P2〉 
and 〈P4〉 values and numerically calculated Lagrangian multipliers, the function Nmp(θ) has 

been calculated using a well-developed approach.[44, 51, 56, 75]

Figure 2A shows that Nmp(θ) of the PART for the amide I band is bimodal with a main 

Gaussian peak centered at 0° with a width at half height of 15°, and a second much smaller 

contribution centered at 90°. In this case, it is indicated that only a fraction of the PART for 

the amide I band is oriented perpendicularly to the nanotubes axis, while the remaining 

fraction is oriented parallel to the main axis. Although information about the orientation of 

the PART was obtained, the orientation of carbonyl groups within the aligned nanotubes was 

calculated instead. To evaluate the orientation of C=O groups, the angle (~ 33°)[39, 68] 

between the PART and carbonyl bond has to be taken into consideration. The orientation 

order parameters for the C=O bonds, 〈P2〉CO and 〈P4〉CO, were then calculated from the 

experimentally determined 〈P2〉 and 〈P4〉 values for PART of the amide I Raman tensor 

using the Legendre addition theorem[76] followed by calculation of the most probable 

orientation distribution function Nmp
CO (θ). It should be noted that due to a uniaxial 

cylindrical symmetry, multiplication of the most probable orientation distribution function 

by sin(θ) allows for obtaining the preferred orientation with respect to the nanotube axis, 

which corresponds to the maximum Nmp
CO (θ)sin(θ) function (Fig. 2B). The mean of this 

distribution function characterizes the average orientation angle.[77, 78] Figure 3B clearly 

shows that in the case of carbonyl groups, the Nmp
CO (θ)sin(θ) function was much broader, 

however, it reached a maximum at θ = 50° with an average orientation angle of 

approximately 52° relative to the main Z-axis (Fig. 2B).

The amide III band spans the range of 1220–1250 cm−1 and is primarily due to the in-phase 

combination of N-H in-plane-bending and C-N stretching vibrations.[79] For D-FF, the 

amide III band was located at 1245 cm−1. Applying the same approach, the order parameters 

〈P2〉 and 〈P4〉 for the amide III Raman tensor were 0.35 and −0.55. Surprisingly, the value of 

〈P4〉 falls in the allowed region determined by the condition of 〈P4〉= 〈P4〉min. As already 

mentioned, fulfilling the requirements where 〈P4〉= 〈P4〉min, the orientation angle was 

obtained using Eqn (16), showing that the amide III Raman tensor makes 41° with the 

nanotube axis. Moreover, applying the Legendre addition theorem,[76] the orientation of 

C=O groups was found to be at 56° from the nanotube’s main axis. Excellent agreement 

between two estimations based on two independent vibrational modes indicates a high 

reliability of the method. It should be noted that in case of the amide I band, the value of 

〈P4〉 may fall higher than the 〈P4〉= 〈P4〉min level due to possible limited applicability of the 

known localized polarizability tensors used for calculations, and/or experimental errors. 

Interestingly, Lekpraset at al. have shown that for nanotubes prepared from L-

diphenylalanine the orientation of the PART corresponding to the amide I and amide III 

were 59±5° and 41±4°.[38] However, the predominant orientation of C=O bond was 0±5° to 

the nanotube axis.[38]

1418 cm−1 Raman band—The band at 1418 cm−1, which was assigned to the symmetric 

stretching vibration νsCOO−,[64, 80] also showed a strong polarization effect (Fig. 2). The 

intensity ratios RZ= IZX/IZZ=1.1 and RX= IXZ/IXX=0.2 were measured for this band. The 
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orientation of the local Raman tensor axes and r1=1.072 and r2=4.896 ratios of νsCOO− 

vibrational mode have been calculated for the glycine zwitterions in the α-glycine 

crystal.[64] However, different tensor values have been reported by Pajcini et al. where 

r1=α1/α3 and r2=α2/α3 for the symmetric stretching vibration were 3.03 and −1.62, 

respectively.[68] The main difference is in the absolute value of α1 and α2 elements of 

corresponding Raman tensors. To overcome possible mistakes in the orientation 

determination an alternative approach was applied. 〈P2〉 and 〈P4〉 values and the most 

probable distribution function were determined following the procedures described 

elsewhere.[20, 46, 60, 77] The form of the Raman tensor is described by parameter a, which 

can be obtained from the depolarization ratio (Riso) of a perfectly isotropic sample.[81].The 

calculated isotropic depolarization ratio of 0.52 was previously reported for νsCOO− 

vibrational mode.[68]

Values of 〈P2〉 and 〈P4〉 obtained for the band at 1418 cm−1 were approximately −0.4 and 

0.2. The function Nmp(θ) is unimodal with a Gaussian peak centered at 90° with a width at 

half height of 15 (Fig. 4). Interestingly, the Nmp(θ)sin(θ) function peaks at 90° with the 

average orientation angle of 78°. As already mentioned, the orientation of the PART of the 

corresponding carboxylate symmetric stretching band at 1418 cm−1 has been calculated. In 

addition to the difference in tensor values, the orientation of the local Raman tensor axes has 

been shown to be slightly different. In particular, for the COO− stretching vibration, the 

major axis of the Raman tensor lies within the carboxylate plane[64] (Fig. 3, blue lines) and 

12.7° out of the COO− plane.[68] Parameters 〈P2〉COO− and 〈P4〉COO− and the most probable 

orientation distribution function for the case when the major axis of the Raman tensor is 

12.7° out of COO− plane were calculated using the Legendre addition theorem[76] (Fig. 3, 

red lines). The functions represent the range of distributions present within the nanotubes. 

Obtained results clearly show that the majority of COO− groups were perpendicular to the 

nanotube axis although the distribution was broader when an angle at 12.7° out of COO− 

plane was considered.

1000 cm−1 Raman band—The intense band located at 1000 cm−1, seen in Fig. 1, 

corresponds to the in-plane breathing mode of the phenylalanine benzene rings.[82–85] Due 

to the lack of the information on Raman tensors for this vibrational mode, the orientation 

cannot be obtained. However, qualitative information was still obtained due to the difference 

in the intensity of this band between the perpendicular and parallel polarizations, (Fig. 1) 

and by assuming that the largest polarizability change occurs within the plane of the phenyl 

ring. The band has higher intensity in the case of XX polarization, and thus, the plane 

normal to the phenylalanine ring planes is closer to being perpendicular than to being 

parallel to the axis of the nanotube. Therefore, the phenylalanine ring planes should be 

oriented parallel to rather than perpendicular to the nanotube axis.

495 and 1131 cm−1—As previously mentioned, the bands at 495 and 1131 cm−1 were 

assigned to torsional and rocking vibrations of the NH3
+ functional group, 

respectively.[63, 86] Despite the fact that Raman tensors corresponding to NH3
+ vibrational 

modes are not available, a qualitative estimation of orientation can still be made. First, the 

almost maximum possible polarization dependence observed for the band at 1131 cm−1 
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indicates that the corresponding Raman tensor is anisotropic. Furthermore, the perfect 

orientation parallel to the nanotube axis unambiguously implies that the PART should be 

oriented parallel, or along, the chemical bond. Secondly, our assumption is based on the 

reported polarized Raman data of L-valine crystals.[66] L-valine crystallizes in a monoclinic 

structure, space group P21, extending parallel to the (001) plane.[66] Authors defined the y-

axis as the axis along the longest dimension of the crystal; the z-axis and x-axis were 

mutually perpendicular. Raman spectra have been collected with three different scattering 

geometries, Z(yy)Z, Z(xx)Z and Z(yx)Z, where the first and the last letter represents the 

incident and scattered light propagation direction. Interestingly, it has been shown that the 

relative intensity of the ρ(NH3
+) vibration mode in case of Z(xx)Z polarization geometry 

was almost three times higher comparedto the intensity for Z(yy)Z geometry. Moreover, the 

relative intensity of the torsional vibration of NH3
+ was more than four times lower than the 

intensity for the rocking vibrations of NH3
+ group for Z(yy)Z geometry.[66] Based on the 

reported data and known crystal structure (Fig. S3), the orientation of the corresponding 

Raman tensors relative to the C-NH3
+ bond could be qualitatively estimated. It is assumed 

that the largest polarizability oscillations occur along the line closest to being parallel and 

perpendicular to the C-N bond for rocking and torsional vibrations, respectively. The relative 

orientation of polarizability ellipsoids (close to being mutually perpendicular) of torsional 

and rocking vibrations of NH3
+ group is consistent with the reported data[66] and our 

measurements.

Figure 1 clearly shows that the 1131-cm−1 Raman band is strong in the case of the ZZ 

spectrum and vanishes almost completely in the case of XX polarization geometry. This 

indicates almost perfect orientation of C-NH3
+ bonds as being parallel to the main axis of 

the nanotube. At the same time, the higher Raman intensity for the XX geometry of the band 

at 495 cm−1 of the torsional vibration τ(NH3
+) also implies a parallel orientation of C-NH3

+ 

groups relative to the nanotubes’ main axis.

Orientation of a dipeptide molecule

The proposed orientation of D-FF molecules with respect to the Z-axis of the nanotube can 

be seen in Fig. 4. Dipeptide molecules are organized in such a way that the COO− groups are 

oriented perpendicular to the nanotube axis (Z) with NH3
+ groups (C-N bonds) running 

along the axis. At the same time, the suggested orientation of the carbonyls is about 54° in 

the direction of the nanotube axis. Despite the fact that no quantitative information regarding 

the orientation of phenyl ring was obtained, the orientation of the rings’ plane was 

qualitatively estimated as being parallel to the nanotube axis.

At this point it should be noted that a relatively broad distribution in the case of peptide 

carbonyls and COO− groups (Fig. 2 and 3) can be explained by the possible existence of 

more than one specific orientation of dipeptide molecules or/and chemical groups. However, 

given that there is only one distinct orientation of NH3
+ groups relative to the nanotube main 

axis, the existence of multiple orientations of dipeptide molecules seems unlikely. In 

addition, the appearance of Raman bands, which were unambiguously assigned to carboxyl 

and NH3
+ groups, indicates water presence within the core of the nanotube, which is in good 

agreement with the literature data.[87]
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Conclusions

Polarized Raman spectroscopy was used to determine the orientation of several chemical 

groups in a di-D-phenylalanine nanotube. This information provides significant constraints 

for the possible packing and orientation of di-D-phenylalanine molecules, and for building a 

structural model of the nanotube. Analysis of peak intensities between four different 

polarization combinations (ZZ, XX, ZX, and XZ) confirmed that the nanotube had 

cylindrical symmetry as well as multiple highly oriented functional groups. It was 

determined that the orientation angle of the carbonyl bond was 54±3° relative to the 

nanotube main axis. The band indicative of the NH3
+ rocking mode shows that this group 

was oriented parallel to the nanotube axis. Finally, the COO− groups were confirmed to be 

oriented at 90° relative to the axis of the nanotube. Based on the obtained quantitative and 

qualitative data, a tentative overall orientation of the di-D-phenylalanine molecule within a 

nanotube was proposed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Normalized polarized Raman spectra of oriented di-D-phenylalanine nanotubes.
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Figure 2. 
A) The most probable orientation distribution function Nmp(θ) and (B) the calculated 

orientation distribution function Nmp
CO (θ)sin(θ) of C=O groups relative to the main axis of 

D-Diphenylalanine nanotubes.
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Figure 3. 
(A) The most probable orientation distribution function Nmp(θ) and (B) the calculated 

orientation distribution function Nmp(θ)sin(θ) of the major axis of the Raman tensor of the 

symmetric stretching vibration νsCOO− with respect to the oriented di-D-phenylalanine 

nanotubes.
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Figure 4. 
Schematic diagram for the di-D-phenylalanine molecule with respect to the Z-axis based on 

obtained qualitative and quantitative data. Orientation of phenyl rings is arbitrary.
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