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ABSTRACT 

  Surface enhanced Raman scattering (SERS) spectra contain information on the chemical structure 

at nanoparticle surfaces through the position and alignment of molecules with the electromagnetic 

near field.  Time dependent density functional theory (TDDFT) can provide the Raman tensors 

needed for a detailed interpretation of SERS spectra.  Here the impact of molecular conformations 

on SERS spectra is considered.  TDDFT calculations of the surfactant cetyltrimethylammonium 

bromide with five conformers produced more accurate unenhanced Raman spectra than a simple 

all-trans structure. The calculations and measurements also demonstrated a loss of structural 

information in the CH2/CH3 scissor vibration band at 1450 cm-1 in the SERS spectra. To study 

lipid bilayers, TDDFT calculations on conformers of methyl phosphorylcholine and cis-5-decene 

served as models for the symmetric choline stretch in the lipid headgroup and the C=C stretch in 

the acyl chains of 1,2-oleoyl-glycero-3-phosphocholine.  Conformer considerations enabled a 

measurement of the distribution of double bond orientations with an order parameter of SC=C = 

0.53. 

INTRODUCTION 

  Gold nanostructures concentrate light down to the nanometer scale due to resonant excitations of 

their free electrons called surface plasmons.1 The concentrated electromagnetic field greatly 



amplifies Raman scattered light for nearby molecules, referred to as surface enhanced Raman 

scattering (SERS).2,3 The gold nanostructure essentially acts as an antenna, both focusing light 

onto the molecule and broadcasting the Raman scattered signal with sufficient gain that vibrational 

spectra of single molecules can be recorded. Since SERS can detect minute quantities of small 

molecules based on inherent vibrations, it has been largely  pursued as a technological platform 

for label-free biological and chemical sensing, with a focus on developing plasmonic substrates 

that provide large enhancements and high sensitivities.4 

  In addition to sensing, SERS spectra can be used to probe interfacial molecular structure and 

properties. One strategy is to apply insights from (unenhanced) Raman spectroscopy of molecules 

in solution to SERS spectra of molecules on surfaces.  For example, self assembled monolayers 

(SAMS) that spontaneously form on gold and silver surfaces have been carefully studied by SERS.  

For alkanethiols, 𝜈(C-S) and 𝜈(C-C) peaks in solution indicate a mixture of trans and gauche 

conformations.  SERS spectra for the same alkanethiols on gold show a shifted 𝜈(C-S) peak due 

to binding to the surface, and almost entirely trans conformation near the C-S bond, which 

indicates an ordered structure.  Alkanethiol SAMs on roughened surfaces show more gauche 

character, indicating increased disorder.5  Studies of thioglycolic acid and 3-mercaptopropionic 

acid on gold and silver used SERS to detect the protonation state of the carboxyl group, and found 

it was correlated to molecular order through the trans and gauche character as described above.6,7  

These spectral signatures of order in SAMs have also been used to indicate the insertion of 

molecules, such as glucose and ibuprofen.8,9 

  A more direct way to get structural information from SERS is to consider the relative intensities 

of the peaks since they depend on the alignment of each vibration’s Raman tensor with the 

enhanced field, as well as the vibration’s distance from the surface. This strategy has been applied 

to small molecules such as benzene on gold where the intensities of the stretching and ring C-H 

modes indicate the adsorbate orientation.10 The ratios of C-S, C-C, C-H, and pyridine ring 

vibrations in SAMs have been used to estimate the chain tilt relative to the surface.5,11 DNA strands 

have been designed with patterns of nucleic acids that encode the DNA surface tilt into the 

spectrum based on distance from the surface.12 However, these approaches are limited due to 

difficulty in assigning peaks and the lack of access to Raman tensor components.  For small 

molecules the tensor directions can be deduced through symmetry, but larger, less symmetric 



molecules are more complicated. Some reports describe difficulties in getting structures from 

SERS and only use it in concert with other methods.13,14 

  We recently introduced a double-ratio method that finds molecular orientation and position from 

pairs of peaks in solution-phase SERS and Raman spectra, which we refer to as structural analysis 

by enhanced Raman scattering (SABERS).15  The ratios removed all experimental unknowns, and 

structural assignments were possible because Raman tensors were calculated with time-dependent 

density functional theory (TDDFT) and the electromagnetic near field was calculated with finite 

element method simulations (FEM).  This combination of calculated polarizability tensors and 

near fields with spectral data has been used in a similar way to analyze structures of single 

molecules in tip enhanced Raman scattering (TERS). 16–18 While TERS provides much more 

structural information as a scanning microscopy, solution phase SERS can be applied to molecules 

free of a solid substrate. 

Using the SABERS algorithm, the tilt of decyltrimethylammonium bromide on gold nanorods was 

found to be 27°, consistent with the reduced thickness observed for the longer chain 

cetyltrimethylammonium bromide (CTAB) bilayer from SANS and SAXS measurements.19 The 

acyl chain double bonds unsaturated lipid bilayers were found to be along the membrane normal 

and 13 Å from the choline nitrogen. The orientation and position of tryptophan in lipid bilayers 

was also measured. A second report described the orientation of the membrane probe di-4-

ANEPPS in lipid bilayers by the same method.20  The Raman tensors for these results were 

calculated for simple all-trans hydrocarbon chains, but to achieve more accurate results, different 

molecular conformations should be considered. For example, in calculations of the Raman spectra 

of fatty acid methyl esters, the inclusion of multiple conformers improved the match to the 

experimental spectra in some cases.21–23  Here we consider the effects of different molecular 

conformations on structural interpretations of SERS spectra from surfactants and lipids on gold 

nanorods and pyramids. 

MATERIALS AND METHODS 

Gold Bipyramid and Nanorod Synthesis 

  Gold bipyramid synthesis followed a seed-mediated, cetyltrimethylammonium bromide (CTAB) 

directed growth method.24 To produce seeds particles, 10 mL of 0.2 M CTAB solution was heated 



to 60 °C, combined with 10 mL of 0.25 mM HAuCl4 solution, and allowed to mix under stirring 

for several minutes resulting in an orange solution. 0.6 mL of chilled (~3 ˚C) 0.1 M NaBH4 was 

prepared and added to the solution via a dropper. The solution turned from an orange to a light 

brown color, which indicates the formation of seed particles, after which the stirring was stopped 

and the stir bar was removed. The solution was then allowed to sit at 40 ˚C for five days in the 

dark, and then stored at room temperature also in the dark. This resulted in seeds with a useful 

shelf life of at least a month.  For the growth solution, 10 mL of 0.1 M solution of CTAB was 

heated to 60 ˚C, and 0.3 mL of 10 mM solution of AgNO3 and 0.5 mL of 10 mM HAuCl4 were 

combined and allowed to heat for 20 minutes. Once the solution was well combined and heated 

thoroughly to 60 ˚C, then the solution was acidified by adding 0.2 mL of 0.1 M HCl and then 

mixed by inversion. This was followed by 80 µL of 100 mM solution of L-ascorbic acid which 

was mixed by inversion to reduce the HAuCl4. 60 µL of CTAB-capped seed solution was added 

to the vial and mixed. Then the solution was left on the hot plate covered for approximately 20 

minutes to allow the bipyramids to grow. 

  Large diameter gold nanorods were synthesized following a seed mediated approach with CTAB 

and sodium oleate (NaOL) developed by Ye et al.25 Here it is scaled down to smaller batches.  The 

growth solution is prepared by adding 50 mL of DI water to a round bottom flask and heating to 

50 ˚C. 1.4 g of CTAB and 247 mg of NaOL powder were added and stirred as the solution cooled 

to 30 ˚C. Once the temperature is stabilized at 30 ˚C, 4.8 mL of 4 mM AgNO3 was added and left 

undisturbed at 30 ˚C. 50 mL 1 mM HAuCl4 was then added and medium stirred at 30 ˚C for 90 

minutes. Next, 2.4 mL 3 M  HCl is added and stirred slow for 15 minutes. Next, 0.25 mL 64 mM 

L-ascorbic acid is added and vigorously stirred for 30 seconds. Finally, 2 uL best seed solution is 

added and stirred for 30 seconds. The seed solutions were prepared separately by preparing four 

separate vials of 5 mL 0.5 mM HAuCl4 and 5 mL 200 mM CTAB. Since seed synthesis is not 

highly reproducible, several volumes (0.3, 0.6, 0.9, and 1.2 mL) of 10 mM NaBH4 were added to 

different vials and vigorously stirred for 120 seconds and then left to rest for 30 minutes. The seed 

solutions typically range from clear to dark brown.  As reported in the original paper, the best seed 

solution is light brown and it is the one we select. The complete growth solution with seeds added 

is left to rest undisturbed at 30 ˚C.   



The duration of the ensuing synthesis must be carefully monitored.  Monodisperse nanorods will 

grow up to a point, and then they become heterogenous.  To monitor the synthesis, 2 mL of the 

growth solution is put in cuvette and its absorption spectrum is checked each minute at 30 ˚C. The 

growth is stopped once the absorption spectrum shows a high and narrow peak at about 785 nm. 

To step the reaction, the nanorods are centrifuged three times at 2000 rcf for 20 minutes and 

resuspended in 10 mM CTAB. 

CTAB binding to the gold nanorods occurs through the strong adsorption of Br- to the gold surface, 

and electrostatic attraction of CTA+ ions to the Br- ions. A SERS peak for the Au-Br- bond at 180 

cm-1 was originally detected in studies of CTAB in electrochemical cells, and was further analyzed 

in one of our previous publications, where we also show evidence for rapid exchange of surfactants 

on the surface with surfactants in solution.26,27 

Lipid Preparation and Nanorod Encapsulation  

 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycerol-3-phospho-(1’- 

rac-glycerol) (DOPG) in chloroform solution were purchased from Avanti Polar Lipids. Both were 

mixed to obtain a 9:1 molar ratio of DOPC:DOPG then dried in a rotating flask (30 rpm) under 

gentle Argon flow for several hours. The dried lipid sample was then rehydrated with deionized 

water to obtain a 10mg/mL total lipid concentration. To make sure the lipids fully detached from 

the flask wall, the solution was stirred for 30 min and sonicated for 15 min.  If needed, additional 

sonication (no more than 30 min) was used to form SUVs until the solution became clear. 

 The nanorods are covered with a mixture of zwitterionic DOPC and anionic DOPG lipids.  

Encapsulation of the rods is possible because the positively charged choline headgroup of DOPC 

binds electrostatically to the Br- on the gold surface. DOPG has the same structure as DOPC except 

the positive choline headgroup is replaced by a neutral glycerol group. Lipid-encapsulated 

nanorods therefore have a net negative surface charge, preventing aggregation. The 9:1 ratio of 

DOPC:DOPG was previously found to minimize the fraction of DOPG while still preventing 

aggregation as detected by a large drop in the extinction of the nanorod solution.28  

 

  To encapsulate the nanorods in lipids, first the CTAB concentration of nanorod solution was 

lowered. 1.5 mL of nanorod solution was centrifuged at 1358 rcf for 10 min. The supernatant was 



removed and replaced by 1.5 mL of 2 mM CTAB. The solution was then vortexed for a few 

seconds and sonicated for 5 min. Second, the solution was centrifuged again at the same settings 

and the supernatant was removed and replaced by 0.5 mL of 10 mg/mL lipid solution. Again, the 

solution was vortexed for a few seconds and sonicated for 5 min. This step was repeated four more 

times for a total of five resuspensions in lipids. 

 

Raman and SERS Measurements 

  All Raman and SERS measurements were recorded with a home-built microRaman system. The 

excitation source was a stabilized diode laser (Ondax RO-785) at 785 nm wavelength and 80 mW 

power. The beam was further filtered by a volume holographic grating (Ondax VHG), and the 

power was adjusted with a linear variable neutral density filter. The beam was brought into the 

imaging system via a dichroic mirror (Semrock LPD02-785RU-25x36x1.1). The beam was 

focused into the sample by a near-infrared corrected 20x/.45 NA microscope objective (Olympus 

LCPLN20XIR). The solution-phase samples were held in 1x1 mm glass capillaries with 0.2 mm 

thick walls (VitroCom, #8100) for optical access. The objective focussed the beam spot into the 

center of the capillary. Scattered light passed back through the objective, dichroic mirror, and 

through a blocking filter (Chroma RET792lp). A second near-infrared corrected objective, 5x/0.1 

NA (Olympus LMPLN5XIR) focussed the beam onto the entrance slit of the spectrograph 

(Princeton Instruments IsoPlane SCT 320). The spectrum was recorded on a thermoelectrically 

cooled, open electrode CCD camera (Princeton Instruments Pixis 256E) at a resolution of 6 cm-1. 

  We have found solution-phase SERS measurements with static nanoparticle solutions to be 

unreliable in terms of stability and reproducibility. First, larger nanoparticles (> 100 nm) like those 

used here settle to the bottom of containers after several hours, altering the SERS signal with time. 

Even for brief exposure times, we find that optical forces and thermophoresis affect the 

concentration of nanoparticles in the beam spot in unpredictable ways.29 We have therefore 

constructed a cell that allows for continuous flow and mixing of the nanoparticle solutions so that 

long exposures can be recorded. A square 1 mm ID glass capillary was inserted into the conical 

vial, and connected to a syringe pump at the other end. The pump draws the solution up into the 

capillary above the optical axis of the objective lens. During the spectral acquisition, the solution 

was pumped up and down so that the volume exposed to the laser beam was repeatedly mixed 

against the bottom of the conical vial and replaced. The acquisition was typically 10 – 100 minutes 



and the pump rate was about 0.5 Hz, so samples were thoroughly mixed throughout the 

measurement.  All SERS measurements presented in this paper were made using this flow system. 

Even with continuous mixing, laser-induced heating at the nanorod surface could alter the 

membrane structure.  In single particle trapping experiments, the surface temperature of plasmonic 

gold nanoparticles has been measured based on lipid phase transitions and on fluorescence 

polarization anisotropy.  Using high numerical aperture objectives (NA = 1.25), temperature 

increases ranging from 1 to 100 K were observed, depending on excitation power and nanoparticle 

size.30,31  Our experiments use similar excitation laser power, but a much lower numerical aperture 

objective (NA = 0.45).  Taking our lower irradiance into account, the surface heating is expected 

to be less than 10 K in our experiments. 

Conformer Generation and TDDFT Calculations 

  Quantum chemical calculations were carried out with the Amsterdam Density Functional 

program from Software for Chemistry & Materials (ADF2018.105, SCM, Theoretical Chemistry, 

Vrije Universiteit, Amsterdam, The Netherlands, http://www.scm.com).32–34 An all-trans CTAB 

structure, including the bromide counterion, was constructed and its geometry was optimized using 

the Becke-Perdew exchange-correlation potential under the generalized gradient approximation 

with a third order dispersion correction and Becke-Johnson damping (GGA:BP86-D3(BJ)). The 

calculation also used a quad zeta basis set with four polarization functions (QZ4P), no frozen core, 

no relativistic correction, and good numerical quality.35–38 The CTAB molecule was positioned to 

have the nitrogen atom at the origin and the centroid mass (calculated without the bromide ion) 

along the z-axis.  Once the geometry was optimized an IR calculation was run with the same 

parameters to find the analytical normal mode frequencies.  Finally, a Raman Range calculation 

was carried out for  1.58 eV excitation (785 nm) with two-point numerical differentiation of the 

polarizability tensor for a specific range of frequencies.39–44 

  The ADF program has RDKit functionality built into the software for conformer generation.  600 

conformers of CTAB were generated using a 0.2 A RMS filter to remove duplicates.  The software 

was unable to process the quaternary amine so the nitrogen atom was changed to carbon for the 

purpose of conformer generation.  The bromide ion was also left out.  The conformers were sorted 

by energy using a low level force field and the lowest energy structures were selected.  For each 

selected structure, the quaternary amine was restored, the bromide ion was added, and the structure 



was aligned with the nitrogen at the origin and centroid on the z-axis.  The structure was then 

further optimized by DFT and the Raman tensor calculated as described above for the all-trans 

CTAB molecule.   

  DOPC calculations were carried out on two fragments of the full molecule.  For the symmetric 

stretch of the choline headgroup, methyl phosphorylcholine (MePC) was constructed, conformers 

were generated and optimized.  The nitrogen atom was placed at the origin and the phosphorus 

atom along the z-axis.  Raman tensor calculations were carried out as above.  For the carbon double 

bonds of the fatty acid chains, the same procedure was applied to 5-decene with the carbon double 

bond at the origin and aligned to the z-axis. 

 

Electromagnetic FEM Simulations 

  The electromagnetic near-field surrounding the gold bipyramids and nanorods were simulated 

with COMSOL Multiphysics 5.2 using the RF Module. The bipyramid was simulated as two 

circular cones placed back-to-back. The sharp tips of the cones were truncated and replaced with 

hemispheres. Nanorods were constructed with a circular cylinder and two hemispheres.  

Dimensions were set to match average values of TEM images of the bipyramids: the cone base 

diameter was set to 38 nm to match the bipyramid transverse diameter, and the tip-to-tip length 

was set to 113 nm to match the bipyramid length. The hemisphere diameter was set to 13 nm to 

match the bipyramid tip diameter. The nanorod structure was set to match in terms of cylinder 

diameter and length and tip radius.  The dielectric permittivity of gold from Johnson and Christy 

was used.45 The bipyramid was embedded in a water dielectric and surrounded by a rectangular 

190 x 190 x 510 nm perfectly matched layer (PML). An electromagnetic plane wave was incident 

and polarized along the bipyramid’s length. The simulated extinction curve was generated and 

compared to the experimental extinction spectrum. For a precise match, the bipyramid was 

lengthened to 114 nm. Using this optimized geometry, field values were generated throughout the 

volume at the excitation wavelength (785 nm) and red shifted Raman frequencies. The electric 

field versus distance from the bipyramid end at each frequency was exported for use in SABERS 

calculations.  A similar procedure was used to generate the field at the tips of gold nanorods. 

 

  



SABERS Calculation 

  SABERS is based on a double ratio of SERS and Raman peaks that eliminates experimental 

unknowns such as instrument sensitivities and numbers of molecules sampled.  For each peak, 1 

and 2, the SERS intensity is divided by the Raman intensity, and then those values are divided to 

calculate the combined experimental ratio R1-2.  See the Supporting Information for a derivation 

that shows that R1-2 can be calculated with the electromagnetic near field from FEM calculations 

and Raman tensors for each vibrational mode from TDDFT. For peaks each composed of a single 

vibrational mode, for a single molecular position, and for a single conformational structure, the 

combined ratio is: 

           (1) 

where S1, U1, S2, and U2 are the calculated SERS and unenhanced Raman signals for modes 1 and 

2.  The ratio is calculated for all molecular polar and roll angles.  Note that the expression we use 

for the unenhanced Raman value (U) is invariant with respect to orientation, so it does not depend 

on polar or roll angle. See the Supporting Information for details.  

  To consider the effects of having (1) multiple vibrational modes that contribute to an 

experimental peak, (2) multiple molecular positions in the structure (such as upper and lower 

leaflet), and (3) multiple molecular conformations, R1-2 is calculated with sums of the Raman and 

SERS signals:  

                      (2) 

where the indices p, c, and m represent the positions, conformers, and vibration modes, 

respectively.  Note that each peak, 1 and 2, has a distinct set of indices.  The resulting maps of R1-

2 versus the polar and roll angle are compared to the experimental value to find which molecular 

orientations are consistent with the measurements. 



  For CTAB, five conformers are included each in two positions (upper and lower leaflet).  One 

calculated vibrational mode is used for the 760 cm-1 peak and 24 modes are used for the 1450 cm-

1 peak.  The R1-2 value is calculated for each possible polar and roll angle of the molecule to create 

the maps shown below. Note that here the “position” index does not indicate the various polar and 

roll angles calculated, it refers to the upper and lower leaflets. We follow the same procedure for 

DOPC, with one mode assigned to the 1650 cm-1 carbon double bond stretch, and one mode for 

the 720 cm-1 symmetric headgroup stretch.  

  As described below, for the DOPC result we also considered a distribution of polar angles to 

represent disorder. R1-2 therefore depends on the distribution’s mean polar angle θ0 and standard 

deviation 𝜎. For each polar angle θo, we sum the signal for all roll angles since our double bond 

fragment is axially symmetric.  We sum all of the modes, conformers, and positions as described 

above.  Finally, we sum for the distribution of polar angles θ with a normalized solid angle gaussian 

weighting factor: 

                  (3) 

where 

.          (4) 

The resulting maps of R1-2 versus the polar angle and standard deviation of the polar angle 

distribution are compared to the experimental value. 

RESULTS AND DISCUSSION 

Raman and SERS Intensities 

  It seems reasonable to assume that any spectrum recorded from resonant plasmonic structures 

will be SERS spectrum.  Although unenhanced Raman signals may contribute, SERS should be 

orders of magnitude stronger given the large enhancements at electromagnetic hotspots.46–48  This 

assumption likely holds for SERS substrates, but for solution phase SERS from colloidal 



suspensions of nanoparticles, it may not.  The enhancements at the open ends of nanoparticles are 

several orders of magnitude lower than hotspots found on substrates.27  Also, if the molecules that 

stabilize nanoparticle suspensions remain in the solution at mM concentrations, their large 

numbers counteract the enhancement effect, and the Raman signal may be comparable or even 

larger than the SERS signal. 

Figure 1. Raman and SERS intensities.  Peak intensity dilution curves for (A) CTAB Raman 

spectra, (B) CTAB SERS spectra, (C) DOPC Raman spectra, and (D) DOPC SERS spectra. The 

peaks are identified on the plot and discussed in the main text. The slopes of these lines are used 

as SERS and Raman intensities. 

  Since SABERS relies on accurate Raman and SERS intensities, we distinguished the two signals 

by recording spectra at decreasing nanoparticle concentration, holding all other parameters 

constant. Using the open flow system described above, we took spectra at an initial nanoparticle 

concentration in 10 mM CTAB or DOPC solution and then diluted the nanoparticles with the same 

solution to 80%, 60%, 40%, and 20% of the original nanoparticle concentration.  As displayed in 

Figure 1B and 1D, the resulting spectral peak intensities create a line with a slope that is 

proportional to the SERS intensity and a vertical intercept that is proportional to the unenhanced 

Raman intensity.  Note that the absorption correction described in the Supporting Information is 

required to get an accurate line.  If uncorrected for absorption, the intensities are underestimated 

at high nanorod concentration.  The slopes of the lines in Figure 1B and 1D were used for SERS 

intensities of the relevant peaks for CTAB and DOPC. Although the Raman signals could be taken 

from the vertical intercept, dilution curves were also created for pure CTAB and DOPC solutions 

(diluted with water) for a more accurate measurement of the Raman intensity (displayed in Figure 

1A and 1C).   

  



CTAB Conformers 

  In our previous structural analysis of the surfactant layer, we compared the CH2/CH3 scissor mode 

of the hydrocarbon chain and the symmetric stretch of the N+(CH3)3 headgroup.15  The Raman 

tensors were calculated by TDDFT, yielding a Raman spectrum that closely matched the 

experimental spectrum.  The symmetric stretch and scissor mode tensors were identified and used 

in the ratiometric SABERS method, which concluded that the surfactant formed a tilted bilayer.  

This result was in agreement with SANS and SAXS studies which found a thinner layer than 

expected but interpreted it as an effect of interdigitation.19  More recently, the surfactant layer on 

gold nanoparticles has been simulated with molecular dynamics.49–53  The simulations found that 

CTAB adsorbs as bilayers under some conditions and adsorbs as surfactant micelles under others. 

However, in either case, it is clear that the surfactant chains undergo rapid conformational 

fluctuations whether in solution or adsorbed to the gold surface.  Since conformation should affect 

the identity and alignment of the vibrational modes and Raman tensors, we have studied its effect 

on structural analysis of SERS spectra. 

 

 
Figure 2. CTAB conformer structures and Raman tensors. The left structure (A) is a straight 

hydrocarbon chain, and the four on the right (B-E) are conformers generated by RDKit and further 

optimized by DFT.  Eigenvectors of the 24 Raman tensors that correspond to the broad band at 

1450 cm-1 are displayed. 

 

  Conformers of the CTAB molecule were generated with RDKit, software that applies torsion 

angles to rotatable bonds based on statistics from structural databases, and then carries out a low 

level structural refinement.54 The resulting lowest energy conformers were further structurally 



optimized by TDDFT, and their Raman tensors were calculated.  Figure 2 A-E displays the 

structures and eigenvectors of the Raman tensors that correspond to the CH2/CH3 scissoring band 

at 1450 cm-1. Figure 3 compares the calculated Raman spectrum of CTAB for a straight 

hydrocarbon chain to the average of the four conformers from Figure 2 B-E, and to the 

experimental Raman and SERS spectra.  The spectral region assignments described here (III - VII) 

follow a recent review of the Raman spectra of lipids and other biomembrane components.55 

 

 
Figure 3. The experimental and calculated Raman and SERS spectra of CTAB.  The experimental 

spectra (top) were recorded from a 10 mM CTAB micelle solution with (SERS) and without (Ram) 

gold bipyramids.  The TDDFT calculated spectra for a straight hydrocarbon chain (Trans) and an 

average of four conformers (Conf) are shown.  Peaks in the five spectral regions correspond to the 

symmetric N+(CH3)3  stretch (VII), skeletal C-C modes (V), CH2 twist modes (IV), and CH2 and 

CH3 scissor modes (III). 
 

Region III 

  The broad band at 1450 cm-1 is typically assigned to CH2 and CH3 scissor modes of a hydrocarbon 

chain. The TDDFT analysis finds that 24 normal mode vibrations make up the band for CTAB.  

Most of them are scissor-like vibrations of CH2 groups on the chain, with a few localized on the 

CH3 groups at the ends of the CTAB molecule.  Although slightly red shifted and more narrow, 



the calculated peaks match the experimental Raman peak well. The conformer-averaged spectrum 

has a larger width than the straight hydrocarbon chain, so it is a moderately improved match to the 

experimental peak. 

 

Region IV 

  The band at 1300 cm-1 is due to CH2 twisting deformations.  TDDFT analysis reveals 9 normal 

modes that are composed almost entirely of CH2 twisting motion along the hydrocarbon chain.  

There is minimal motion of the terminal CH3 groups.  There are some CH2 wag modes, but they 

are calculated to have negligible amplitude. The conformer-averaged band is slightly broadened 

and blue-shifted relative to the straight chain calculation, and it more accurately captures the 

broadening at the base of the experimental Raman peak due to weak modes, making it a better 

match. 

 

Region V 

  This region has contributions from the skeletal C-C stretching modes of the hydrocarbon chain.  

It is highly sensitive to conformer structure and can be used to detect the phase of lipid bilayer 

membranes. For the TDDFT calculations on CTAB, the averaging of only four conformers makes 

a remarkable improvement in matching the experimental Raman peak (relative to the calculation 

for the straight hydrocarbon chain).   

 

Region VI 

  This region contains more skeletal C-C modes, in addition to the asymmetric N+(CH3)3 stretch 

vibrations.  It is not highly dependent on conformation and has some potentially assignable peaks 

that match the experimental Raman spectrum.  The straight chain and conformer averaged spectra 

are very similar. 

 

Region VII 

  The peak at 760 cm-1 in this region is the symmetric N+(CH3)3 headgroup stretch.  The calculated 

results are somewhat surprising.  The experimental peak is sharp as though it is due to a single, 

well defined mode independent of conformation. The straight chain calculation identifies such a 

single mode at the correct Raman shift.  However, the conformers split the symmetric N+(CH3)3 



stretch into multiple modes that include vibrations of different parts of the hydrocarbon chain.  

These modes occur at varied Raman shifts, resulting in a broadened peak. The calculated variations 

among the conformers therefore do not appear to correspond to reality given the sharp 

experimental peak. These variations could stem from the TDDFT calculation overestimating the 

coupling between the trimethylammonium headgroup and the hydrocarbon chain. 

  The above results show that considering conformers in TDDFT Raman calculations  creates 

moderate improvements in some bands (regions III and IV), significantly clarifies the 

interpretation of some bands (region V), and can even lower the accuracy in some cases (region 

VII). However, the effects of conformers on the Raman spectra and on structural information 

in SERS are not necessarily correlated.  The calculated Raman spectra in Figure 3 used an 

expression that averages all molecular orientations relative to the incoming electric field direction 

(polarization).56 This matches the Raman experiment in which scattering comes from solution-

phase CTAB micelles with no preferred molecular orientation.  However, in solution-phase SERS 

there is an orientational dependence.  Although solution-phase nanorods and bipyramids take 

random orientations with respect to the laser polarization, the enhanced near field remains 

approximately normal to the nanoparticle surface, and the SERS signal depends on the alignment 

between the molecule and that near field.  For example, averaging conformers only slightly 

improves the CH2/CH3 scissor mode spectrum at 1450 cm-1, but the effect on structural information 

is significant if one considers that the SERS signal is a dot product between a vertical electric field 

and the tensors in Figure 2 A-E.  The straight chain has large tensor components along the vertical 

direction, while the conformers have much less alignment since they take more random directions, 

guided by the hydrocarbon chain.  Also consider the symmetric N+(CH3)3 stretch at 760 cm-1.  

Although the conformers artificially shift the peak to degrade the match to the experimental Raman 

spectrum, the mode is highly symmetric so the effect on the SERS signal is minimal. 

  For a structural analysis of the CTAB layer, consider the SERS spectrum in Figure 3.  Two peaks 

were compared: the symmetric N+(CH3)3 stretch at 760 cm-1 and the CH2/CH3 scissoring band at 

1450 cm-1.  In SABERS we create a ratio between the SERS and Raman intensities of each of these 

peaks, and then compare it with a calculated ratio at various molecular angles and positions. The 

experimental value is R1450-760 = 0.5 +/- 0.3 based on the slopes in Figure 1 A-D. Calculated values 

of R1450-760 included sums over positions, conformers, and modes as described in the Methods 

section.  Two positions were summed: the upper leaflet and the lower leaflet of a putative bilayer.  



24 modes were used for the 1450 cm-1 peak and 1 for the HG peak. To create maps for comparison, 

R1450-760 was calculated for various polar angles (relative to the membrane normal) and roll angles 

(around the long axis of the molecule). To generate the maps in Figure 4 A-E, the Raman tensors 

for the CH2/CH3 scissor modes were rotated along the polar and roll angles, while the tensor for 

the symmetric N+(CH3)3 stretch was averaged over all angles since the modes are highly 

symmetric.  Maps were calculated for the straight hydrocarbon (Figure 4A) chain and the four 

conformers (Figure 4 B-E).   

  The maps in Figure 4 A-E reveal that using a conformer average smooths the map to remove 

much of the potential for structural analysis. The experimental value matches the straight 

hydrocarbon chain map for a range of polar angles between 30 and 60 degrees, depending on the 

roll angle.  The conformer-averaged map has much less variation, and the experimental value 

matches at almost all polar and roll angles.  This illustrates the loss of structural information in the 

Raman tensors due to conformational variation. Note that while the conformer-averaged map 

provides no resolution on the CTAB orientation, the values match the experimental value within 

the uncertainty, indicating that our measurements and analysis are accurate.  

 

 
Figure 4. SABERS ratio maps for the symmetric N+(CH3)3 peak and CH2/CH3 scissor band of 

CTAB.  The left map (A) is calculated for a straight hydrocarbon chain.  The right maps (B-E) are 

calculated for the conformers displayed in Figure 2 B-E, respectively.  The same polar and roll 

axis scales and R color scale apply to all maps. 
 

Lipid Order Parameter 

  The CTAB layer on gold nanoparticles can be displaced by phosphocholine lipids due to the 

similar chemical structure and electrostatics of their headgroups.28,57,57–65 Several lines of evidence 

suggest that the lipids form a bilayer structure that is electrostatically bound to the gold 

nanoparticle surface. Our previous SABERS analysis between vibrations of the headgroup choline 

and the fatty acid double bond was consistent with a bilayer structure with respect to orientation 



and spacing.15  Here we present new data and consider variations in the double bond angle due to 

conformational flexibility. 

  Experimental Raman and SERS spectra were recorded with 9:1 mixtures of DOPC and DOPG, 

the latter added to provide sufficient surface charge for colloidal stability. Both lipid species are 

unsaturated with a double bond in each acyl chain. Figure 5 presents lipid Raman and SERS spectra 

that contributed to Figure 1C and 1D. Here we analyze the symmetric N+(CH3)3 stretch of the 

choline group at 720 cm-1 and the C=C stretch at 1650 cm-1. DOPC is a rather large molecule for 

a TDDFT calculation and, furthermore, running the full molecule is unnecessary considering the 

local nature of the two vibrations of interest. Instead, MePC and 5-decene were used as models of 

the lipid headgroup and acyl chain double bond.  Region VII of Figure 5 displays a five-conformer 

MePC average spectrum. All conformers have a well-defined symmetric N+(CH3)3 stretch near 

720 cm-1, matching the experimental spectra. The other nearby calculated peaks are MePC 

vibrations that are not relevant to the lipid spectrum.  Region II contains the C=C stretch of the 

acyl chains.  The calculated 5-decene spectrum only contains the C=C stretch in this region, and a 

five-conformer average is presented. 

 

Figure 5. The experimental and calculated Raman and SERS spectra of phospholipids. The 

experimental spectra (top) were recorded from a 10 mg/mL small unilamellar vesicle solution with 

(SERS) and without (Ram) gold bipyramids.  The TDDFT calculated spectra for MePC and 5-



decene are also displayed. Region VII contains the symmetric N+(CH3)3 stretch and Region II 

contains the C=C stretch modes 

 

  The TDDFT calculations on lipid fragments were not intended to produce a close match to the 

experimental Raman spectrum as was the case for CTAB.  For the lipid analysis presented here, 

they provide Raman tensors for two isolated vibrational peaks, and how those tensors are affected 

by local changes in conformation. Figure 6 displays the conformer structures and Raman tensor 

eigenvectors that correspond to the symmetric N+(CH3)3 stretch (MePC) and C=C stretch (5-

decene).  For MePC, the nitrogen and phosphate atoms were aligned with the z-axis (membrane 

normal). Although this does not represent the actual lipid headgroup structure, the MePC 

orientation is largely irrelevant in our analysis since the N+(CH3)3 stretch is highly symmetric. The 

MePC headgroup mode is therefore used as a reference value in SABERS. For 5-decene, the 

double bond was aligned with the z-axis. Figure 6 illustrates the small effect of conformational 

fluctuations of nearby atoms on the Raman tensor for the C=C stretch at 1650 cm-1. 

 

Figure 6. Lipid fragment conformer structures and Raman tensors.  5-decene structures are shown 

on the top row with the eigenvectors of the Raman tensor for the C=C stretching mode in blue.  

MePC structures are on the bottom row with eigenvectors for the Raman tensor for the symmetric 

stretch in red.  These conformers were averaged to produce the calculated spectra in Figure 5. 

 

  The experimental ratio from the data in Figure 1 A-D for the two lipid modes is R1650-720 = 0.9 

+/- 0.3.  The calculated map for different orientations of the C=C bond is shown in Figure 7A.  It 

includes the 5 conformers in Figure 6, each in two positions (upper and lower leaflet).  Each peak 

was represented by a single vibrational mode rather than a band of modes as for the CH2/CH3 



scissor band of CTAB at 1450 cm-1. According to the map, a vertically oriented double bond would 

result in R = 1.5, and the value decreases as the polar angle increases.  This matches expectations 

from Figure 6, where an increased polar angle would result in a smaller dot product between the 

C=C tensors and the membrane normal.  The best match between the calculated map and 

experimental value occurs where the double bonds have a polar angle of 40°. Such a highly tilted 

acyl chain suggests an altered bilayer structure on the gold nanoparticle surface or perhaps 

inaccurate tensors from TDDFT.  However, a third possibility is that disorder in the acyl chains 

affects the measurement.   

 

 



 

Figure 7.  Calculated maps of the SERS and Raman intensity ratio, R, for the symmetric N+(CH3)3 

stretch at 720 cm-1 and the C=C stretch at 1650 cm-1.  A) A plot of the ratio for different polar and 

roll angles of the C=C bond.  B) A plot of the ratio for the different polar angles (𝜃) and normal 

distribution width (𝜎).  C) The polar angle distribution of C=C bonds. 

 

  The structures in Figure 6 only probe the effect of local conformational variation on the direction 

of the Raman tensor relative to the C=C bond, but fluctuations of the entire lipid molecule create 

a distribution of C=C bond orientations. We therefore generated a map where each point represents 

a normal distribution of polar angles with the axes set to the average polar angle (θ) and standard 



deviation (𝜎). This distribution map is displayed in Figure 7B.  For an average C=C bond direction 

normal to the membrane (θ = 0°), the experimental ratio matches the map for a distribution with a 

standard deviation of 27°. The resulting distribution of C=C polar angles is plotted in Figure 7C. 

  Membrane structure is often characterized with order parameters of specific atoms and bonds 

relative to the membrane normal. Here an order parameter was calculated for the C=C bond using 

the distribution in Figure 7C according to the the second-order Legendre polynomial: 

  

       (5) 

 

which yields SC=C = 0.53.  Unfortunately, there are no published values of this order parameter for 

a direct comparison.  Deuterium NMR can measure the order parameters of C-D bonds (SCD), 

which are related to the segmented order parameter (Smol), at specific locations along the acyl 

chains. For a saturated lipid (dipalmitoylphosphatidylcholine, DPPC) Smol is found to decrease 

along the chain with values ranging from 0.47 to 0.21.66,67  For unsaturated chains (1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine, POPC) there is a significant dip in Smol near the double bond.68  

However, measurements there are influenced by the bond geometry as well as disorder, so 

comparison to our value of SC=C above may not be meaningful.67   

  Molecular dynamics (MD) simulations provide a direct view of the trajectories of all atoms in a 

lipid membrane. MD acts as a computational microscope that has yielded significant insights into 

membrane phases and transitions, membrane diffusion, protein crowding, small molecule 

permeation, and other aspects of complex biomembranes.69,70 To validate MD algorithms and 

sampling methods, order parameters can be extracted from the results and compared to NMR 

measurements. MD simulations of unsaturated lipid membranes find similar order parameter 

values to NMR, but the C=C bond angle distribution in particular has not been described.71–74  In 

one case, the average chain orientation for a DOPC bilayer was extracted and found to be 34°, in 

reasonable agreement with the distribution in Figure 7C.73  MD could act as a source of more 

realistic conformers than the random generation used for this study.  Ultimately, ab initio 

molecular dynamics (AIMD) will yield more realistic Raman tensors, but is still under 

development for large molecules like surfactants and lipids.75–77 

 

  



CONCLUSION 

  Both Raman and SERS spectra contain structural information, but it can be difficult to extract 

without a precise knowledge of the connection between spectral peaks and vibrational motions.  

TDDFT can calculate Raman spectra of large molecules, but the spectra depend on the detailed 

conformational structure.  Here we show that averaging TDDFT results for several randomly 

generated conformers of CTAB significantly improves the match to the experimental Raman 

spectrum.  This leads to better identification of spectral peaks for further analysis.  However, for 

SERS spectra, where the signal depends on the orientation of the Raman tensor, conformational 

variations can lead to a loss of structural information, demonstrated here for a vibration band in 

CTAB. For lipids, conformational variation in nearby atoms had a minor impact on the mode 

tensors investigated, but variations in bond angles due to fluctuations of the entire molecule could 

be characterized.  These results show that conformational variations can have a significant impact 

on SERS spectra and should be considered for detailed interpretations. 
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