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Raman spectral vibrational frequencies are used to probe the local chemical environment surrounding molecules in

solution and adsorbed to gold nanostars. Herein, the impacts of functional group protonation on monosubstituted

benzene derivatives with amine, carboxylic acid, or hydroxide are evaluated. Changes in binding affinity and orientation

are apparent by evaluating systematic variations in vibrational frequencies. Notably, the electron donating abilities

of these functional groups influence the vibrational frequency of the ring breathing mode thus leading to improved

spectral interpretation. Furthermore, gold nanostars are used to investigate the impact of molecular protonation on the

adsorption of benzoic acid/benzoate to gold. Changes in molecular protonation are measured using zeta potential and

the surface-sensitive technique, surface-enhanced Raman scattering (SERS). These methods reveal that pH variations

induce carboxylate protonation and electron redistribution that weaken molecular affinity thereby causing the molecule

to adopt a perpendicular to parallel orientation with respect to the nanostar surface. Functional group identity influences

the ring breathing mode frequency as a function of changes in electron donation from the functional group to the ring in

solution as well as molecular affinity to and orientation on gold. This exploitation of vibrational frequencies facilitates

the elucidation of molecule behavior in complex systems.

I. INTRODUCTION

Raman scattering is a complementary spectroscopic

method to infrared (IR) absorption where incident photons

excite vibrations resulting from changes in polarizability

where the resulting spectra can be used for chemical species

identification.1 Vibrational frequencies can be modeled as a

function of force constants and reduced mass of involved

atoms;2 however, experimental conditions such as solvent,3

pH,4 hydrogen bonding,5 and bond order6 can perturb the ob-

served vibrational frequencies, intensities, and widths. Ad-

ditionally, bond order, and as a result, vibrational frequen-

cies, can be impacted by electronic resonance and inductive

effects.6 For instance, carbonyl absorbs IR energy at a lower

frequency in 2-cyclohexenone than 2-pentanone because of

variations in electron delocalization and a decrease in the

double-bond character of the functional group.7 Intermolecu-

lar interactions such as hydrogen bonding also influence the

vibrational frequencies of chromophores in IR and Raman

spectra. An example of this was highlighted in an experimen-

tal and theoretical investigation of 4-chlorobenzothiamide,5

where the N-H stretching frequency red-shifted 5 cm-1 from

intermolecular hydrogen bonding.

Similar effects are also observed in surface-enhanced Ra-

man scattering (SERS) where normal Raman signals are

enhanced via chemical and electromagnetic enhancement

mechanisms8 as well as surface selection rules.9 For instance,

changes in molecular polarizability perpendicular to an inter-

face experience the greatest enhancement effects while par-

allel components are generally not enhanced.10 Additionally,

forbidden modes in normal Raman can be observed using

SERS if the symmetry of the vibrational mode is perturbed

upon interaction with a surface.11, 12 Finally, molecule-surface

a)Electronic mail: amanda-haes@uiowa.edu.

interactions also influence vibrational frequencies. For ex-

ample, the C-S stretching mode in L-cysteine is located at

672 cm-1 and 692 cm-1 in SERS and normal Raman spec-

tra, respectively.13 This 20 cm-1 red-shifted frequency upon

adsorption to gold arises from electron donation from sulfur

to gold.13 This same trend is observed in SERS, and spectra

calculated via DFT where charge transfer between triphenyl

phosphine and silver causes this stretching frequency to red-

shift in SERS vs. normal Raman scattering.14

Vibrational frequencies are sensitive to solution condi-

tions and intermolecular interactions. Previously, vibrational

frequencies were used to study hydrogen bonding between

pyrimidine and various polar solvents,15 adsorption geome-

tries of molecules to surfaces,16 and molecular orientation

with respect to surfaces.17 Mercury, for instance, was detected

using SERS upon coordination to CN in a dimethyldithio-

carbamic acid sodium salt.18 As the Hg2+ concentration in-

creased from 0-1 mM, the CN stretch shifted from 1374 to

1389 cm-1 as the ion interacted with sulfur.18 Changes in vi-

brational frequency were more reproducible, sensitive, and se-

lective vs. changes in intensity.18 As such, this vibrational fre-

quency–based detection was used in conjunction with purine

and phenol as reporter molecules to quantitatively determine

antigen concentration,19 variations that were attributed to me-

chanical perturbations upon complex formation.19

In this work, we demonstrate that vibrational frequency

variations in the ring breathing mode of monosubstituted

benzene derivatives including anilinium/aniline, benzoic

acid/benzoate, and phenol/phenoxide are sensitive to both lo-

cal pH in solution as well as on plasmonic gold nanostars

using normal Raman and SERS, respectively. This vibra-

tional frequency is sensitive to the electron donating ability

of the ring functional groups when the molecules are in solu-

tion while changes in molecular orientation are more apparent

upon adsorption to gold. Vibrational frequencies associated

with the ring breathing mode blue-shift as pH decreases be-

cause of changes in resonance and/or inductive effects as the
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functional group undergoes de/protonation. Next, the interac-

tion of benzoic acid/benzoate to gold nanostars is evaluated

as a function of carboxylate protonation using zeta potential

and SERS spectral analysis. The vibrational frequencies of

the ring breathing and the orientation-sensitive C-C stretch-

ing modes are studied as a function of pH and suggest that

pH induces phenyl ring re-orientation. Finally, the binding

affinity and molecular orientation of anilinium/aniline, phe-

nol/phenoxide, and benzene on gold are explored using the

vibrational frequency of the ring breathing mode. The pH-

sensitive ring breathing mode frequency qualitatively suggests

that the electron donating ability of the functional group sig-

nificantly influences adsorption and molecular orientation on

gold nanostars thereby leading to small yet reproducible and

predictable changes in the measured vibrational spectra.

II. METHODS AND MATERIALS

A. Chemical Reagents

Gold (III) chloride trihydrate (HAuCl4·3H2O), 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),

benzene, benzoic acid, aniline, and phenol were purchased

from Sigma Aldrich. Sodium hydroxide (NaOH), nitric acid

(HNO3), and ethanol were purchased from Fisher Scientific.

Ultrapure water (18.2 MΩ·cm-1) was obtained from a Barn-

stead Nanopure System (Dubuque, IA) and used throughout

this study. All glassware was cleaned in a 3:1 HCl/HNO3

solution and rinsed with water before drying in the oven.

B. Gold Nanostar Synthesis, Activation, and
Characterization

Gold nanostars were synthesized according to previously

published protocols.20 Briefly, the pH of a 40 mM HEPES

buffer was adjusted to 7.47 (±0.01) using NaOH yielding a

final conductivity of 1150 µS/cm. Next, 200 µL of a 20 mM

AuCl4 aqueous solution was added to 20 mL of the HEPES

buffer. After 10 seconds of agitation by hand to ensure homo-

geneous mixing, the solution remained undisrupted for 1 hour

at 21 ◦C. The resulting gold nanostars were centrifuged (30

minutes, 2400xg) and supernatant removed, then sequentially

dispersed in 20 and 10 mM HEPES buffer. The nanostars

were stored in 10 mM HEPES at 4 ◦C until use. Prior to use,

gold nanostars were washed and redispersed in water to dis-

rupt the bilayer structure of HEPES on the gold nanostars.21

Surface activation for SERS, whereby HEPES affinity to gold

is weakened and/or desorbed, was completed by incubating

15 µL of gold nanostars (final concentration of 2 nM) in 135

µL of water that had been acidified to a pH of 3 using 1 M

HNO3 for 10 minutes. Nanostar concentration was estimated

using extinction spectroscopy and a previously determined22

extinction coefficient ελ max
of 1.28 nM-1

·cm-1.

Gold nanostars were characterized using transmission elec-

tron microscopy (TEM, JEOL-1230 equipped with a Gatan

CCD). To prepare samples, gold nanostars were diluted in

ethanol by 50 % (v/v), then pipetted onto 400 mesh copper

grids coated with Formvar and carbon (Ted Pella). Images

were analyzed using Image Pro, and a minimum of 100 struc-

tures were evaluated for size estimations. The surface poten-

tial of pretreated (i.e., surface-activated) gold nanostars before

and after incubation with benzoic acid was quantified using

measured electrophoretic mobility at 25 ◦C with a Malvern

Zetasizer (Worcestershire, UK). After surface activation, an-

alytes were added to a solution containing nanostars so that

final concentrations were 10 mM and 0.69 nM, respectively.

A 1 M HNO3 stock was added to vary pH from 0.9-3.2 for

benzoic acid. Samples were prepared in triplicate and equili-

brated for 3 minutes prior to data collection. Error bars rep-

resent the standard deviation of these data. Zeta potential was

calculated using Henry’s equation, measured mobilities, and

calculated ionic strengths.23

C. Sample Preparation

Normal Raman spectra were collected using 25-60 mM

benzoic acid/benzoate solutions prepared in water from pH

2.6 - 7.7, 220 mM aniline/anilinium in water from pH 1.3-

8.1, or 0.9 M phenol/phenoxide in water from pH 8.7 - 11.4.

SERS spectra were collected from 10 mM benzene (pH 1.0-

3.5), benzoic acid (pH 0.9-4.0), aniline (pH 1.0 to 4.5), and

phenol (pH 5.0-13.0). To increase molecular solubility, so-

lutions were prepared so that each sample contained 2 %

ethanol. This concentration of ethanol had a negligible effect

on pKa values. In addition, 1 M HNO3 and/or NaOH solutions

were used to adjust pH. Molecular solutions were prepared by

adding 300 µL of an analyte stock solution to 150 µL of sur-

face activated nanostars to final concentrations of 10 mM and

0.66 nM, respectively. Samples were vortexed for 10 seconds

before all measurements. At the end of each measurement,

pH was measured using pH paper (0.3 pH unit increments).

D. Normal Raman, SERS, and Extinction Spectroscopies

Normal Raman and SERS spectra (average = 3) were col-

lected in triplicate using a semi-home built Raman micro-

scope (ExamineR 785, DeltaNu) and fiber optically coupled

laser (Integrated Photonic Solutions 785 nm) with an excita-

tion wavelength (λ ex) of 785 nm and tunable power (P) from

28-58 mW. Integration times (tint) of 45 seconds was used for

benzoic acid and benzoate (normal Raman), 30 seconds for all

other normal Raman samples, and 25 seconds for SERS. Vi-

brational frequencies were determined from zero-point cross-

ing values of first derivative normal Raman and SERS spectra.

LSPR spectra were collected using an Ocean Optics vis-NIR

spectrometer coupled with a tungsten-halogen light source.

Spectral ranges varied from 390-1100 nm and were collected

in triplicate using an integration time = 15 ms and average

= 36. Gold nanostar concentration was determined using ex-

tinction magnitude at the maximum wavelength (λ max), which

was estimated from zero-point crossings of first derivative
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spectra. Standard deviations of at least triplicate measure-

ments are represented by error bars or as (±values).

E. DFT Calculations

Electrostatic potential energies were calculated for ben-

zene derivatives in a water continuum to determine how elec-

tron distribution throughout the molecule was influenced by

(de)protonation. Energy was first minimized using molecu-

lar mechanics theory calculations (Spartan ’16, Version 2.0.7)

and then calculations were performed in series ending with

DFT B3LYP/6-31G*.

III. RESULTS AND DISCUSSION

A. Impact of Electron Delocalization on the Normal Raman
Ring Breathing Mode of Monosubstituted Benzene
Derivatives

Previously, the C-O stretching mode arising from monosub-

stituted phenol was shown to red-shift with increasing electron

donation from the substituent group to the ring.24 To evalu-

ate the universality of these effects, normal Raman spectra

are collected for anilinium/aniline, benzoic acid/benzoate, and

phenol/phenoxide above and below their known solution pKa

values of 4.58 (-NH2),25 4.19(-COOH),26 and 9.95 (-OH).27

We hypothesize that all vibrational mode frequencies from

simple molecules such as mono-substituted benzene deriva-

tives should red-shift with decreasing electron density in the

functional moiety.

To study these pH dependent effects upon functional group

(de)protonation, normal Raman spectra are collected, and vi-

brational frequencies are assigned then identified. Represen-

tative spectra and vibrational mode assignments for all chem-

ical species are shown in Figure 1 and Table 1, respectively.

Molecular concentrations that are used varied because of sol-

ubility and Raman cross section differences between pro-

tonated and deprotonated forms of a given molecule. All

molecules show unique vibrational features associated with

both the ring and functional groups. Furthermore, most of

the vibrational features observed are related to the functional

groups, and as a result, vary with protonation state. For exam-

ple, a spectrum for benzoic acid (Figure 1A) reveals both C-C

stretching (1602 cm-1) and ring breathing (1003 cm-1) modes

while benzoate spectra (Figure 1B) contain these at 1600

and 1002 cm-1, respectively, as well as carboxylate stretch-

ing (1390 cm-1) and COO- in-plane scissoring (841 cm-1). Of

note, the symmetric ring breathing mode,28 which is typically

centered at ~1000 cm-1, varies in vibrational frequency for

benzoic acid and benzoate and also for the other two molecu-

lar pairs. For example, this mode is located at 1006 cm-1 for

anilinium (pH 1.3) but red-shifts to 1000 cm-1 for aniline (pH

8.0) as shown in Figures 1C and 1D, respectively, a response

dependent on amine group protonation. A similar 7 cm-1 red-

shift is noted upon deprotonation of phenol (Figures 1E and

1F).

FIG. 1. Normal Raman spectra and molecular structures of (A) ben-

zoic acid (36 mM, pH 3), (B) benzoate (60 mM, pH 10), (C) anilin-

ium (0.22 M, pH 1.3), (D) aniline (0.22 M, pH 8.1), (E) phenol (0.9

M, pH 8.7), (F) phenoxide (0.9 M, pH 11.4). Experimental Condi-

tions: λ ex = 785 nm, tint = 45 s for benzoic acid/benzoate; tint = 30

s for anilinium/aniline, phenol/phenoxide. P = 58 mW; average = 3.

*Indicate non-analyte vibrational modes (see Table 1).

FIG. 2. pH-dependent vibrational frequency of the ring breathing

mode using normal Raman spectroscopy. (A) Representative first

derivative Raman spectra of aniline at pH (1) 8.1, (2) 5.2, (3) 4.9, (4)

4.5, and (5) 1.3. (B) pH-dependent ring breathing frequency relative

to the most basic pH frequencies for (1) 900 mM phenol, (2) 200 mM

aniline, and (3) 25 mM benzoic acid. Lines are fits using the deriva-

tive Henderson–Hasselbalch equation. (C) Comparison of the ring

breathing mode frequency for benzene derivatives. pH was adjusted

using 1 M HNO3 or NaOH. Raman parameters: λ ex = 785 nm, tint =

30 s. and P = 58 mW. Error bars represent the standard deviation of

three replicate measurements.
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TABLE I. Vibration mode assignments (Raman and SERS).

Molecules Raman, cm-1 (Lit.) SERS, cm-1 (Lit.) Raman, cm-1 (this work) SERS, cm-1 (this work) Assignment

HNO3 1048 - 1046 - NO3 sym. str.34

HEPES 1280-1180 - - 1255 C-N str.35, 36

1310-1260 - - 1288 CH2 twist24

1380 - - 1347 SO3 asym. str.37, 38

Benzoic Acid 1002 1002 1002 996 Ring breathing in phase39, 40

- 1281 - 1285 C-O str.39

- 1595 1602 1596 C-C str. of the benzene ring41, 42

Benzoate - 836 841 835 COO- in-plane scissoring41

1002 1002 1003 1001 Ring breathing in-phase39, 40

- 1370 1390 1372 COO- sym. str.39

- 1535 - 1539 COO- asym. str. 41, 42

- 1595 1600 1596 C-C str. of the benzene ring41, 42

Aniline 541 - - 533 NH2 wagging43

- 694 - 693 C-N bending/out of plane ring def.44

817 - 815 798 Ring def.44

998 - 1000 996 Ring breathing43, 45

1029 - 1028 1027 NH2 twist45/C-H bend45

1176 - - 1174 C-H bend45

1265 - 1266 1228 C-N str. 44

1603 - - 1594 C-C str. of the benzene ring45

Anilinium 541 - - 529 NH2 wagging43

817 - 796 798 Ring def.44

998 - 1006 994 Ring breathing43, 45

1176 - 1179 1174 C-H bend45

1265 - - 1228 C-N str. 44

Phenol 1001 993 1000 991 Ring breathing46

1025 1018 1026 - In-plane ring def. 46

1155 - - 1114 C-H bend47

1170 - 1172 1161 C-H bend47

1242 - 1242 1252* C-O str.46

1263 1262 1268 - C-O str.46

1471 - - 1446 Ring str.47

1596 1579 1597 - Ring str.46, 47

Phenoxide 992 984 993 993 Ring breathing46

1108 - - 1110 C-H bend47

1155 - 1154 1150 C-H bend47

1170 - 1168 - C-H bend47

- 1219 - 1222 C-O str.48

1270 1273 1273 1253* C-O str.46

1471 - - 1446 Ring str.47, 48

1587 - 1585 - Ring str.46, 47

a Overlaps with HEPES band.

In all cases, functional group protonation is hypothesized to

cause the ring breathing mode to increase in energy upon de-

creasing electron donation of the functional group to the ben-

zene ring. To investigate these effects, solution pH is system-

atically adjusted to decrease, and normal Raman spectra for

these molecules are collected. The vibrational frequencies for

the ring breathing mode are then analyzed using first deriva-

tive spectral analysis as shown in Figures 2A and reported as

a function of pH (Figure 2B). The pH-dependent first deriva-

tive spectra for anilinium/aniline and representative zero-point

crossing values for quantification of vibrational frequencies,

are shown in Figure 2A as an example. This approach clearly

distinguishes small variations in vibrational frequency29 for

the ring breathing mode that varies from 1006.0 to 999.2 cm-1

in the case of anilinium/aniline as pH increases from 1.3 to

8.1. Similar trends are observed for phenol (Figure 2B-1) and

benzoic acid (Figure 2B-3). Because each functional group

possesses a unique pKa, the x-axis has been scaled so that

“0” represents conditions in which pH = pKa. By analyzing

these data using the Henderson–Hasselbalch model, pKa val-

ues are determined as 9.91 (±0.13), 4.71 (±0.07), and 3.68

(±0.14) for phenol, aniline, and benzoic acid, respectively,

similar to previously reported values of 9.95,27 4.58,27 and

4.19.26 We attribute the slight variation in pKa values for ani-
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line and benzoic acid to differences in ion composition and or

ionic strength.

For all molecules, the ring breathing mode for protonated

benzene derivatives are higher in energy than the deproto-

nated molecular versions, an effect we attribute to both in-

ductive and resonance effects. Previously, delocalization in-

dices were developed to describe the probability of finding

electron pairs in space as a function of inductive and res-

onance effects.6 Resonance effects can influence vibrational

frequencies through π electron perturbation whereas induc-

tive effects arise from electrons in σ orbitals. Because both

COOH and COO- serve as electron withdrawing groups to the

phenyl ring and are dominated by resonance effects, varia-

tions in the vibrational frequency for the ring breathing mode

are small (˜0.8 cm-1 change). In contrast, both NH3
+/NH2

and OH/O- exhibit variations via inductive effects and more

significant changes in electron delocalization than carboxy-

late/carboxylic acid (i.e., NH3
+ is electron withdrawing while

NH2 is electron donating). As a result, protonation induces a

7.6 and 8.5 cm-1 shift in the ring breathing mode vibrational

frequency, respectively. These results are similar to previ-

ous studies that revealed that C=C stretching vibrations as-

sociated with alkenes are also sensitive to functional group

protonation.24, 30

Collectively, these data suggest that functional group elec-

tron donation systematically impacts the ring breathing mode

vibrational frequency. As shown in Figure 2C, the vibrational

frequency red-shifts with increasing electron donation to the

phenyl ring (i.e., NH3
+ < COOH < COO- < H < OH < NH2 <

O-).31 These results can be understood in terms of delocaliza-

tion indices.6 As the electron withdrawing capabilities of the

functional group decrease (i.e., from NH3
+ to NH2), electrons

become more delocalized from the phenyl ring (i.e., decrease

in delocalization index)6 causing the associated force constant

to decrease32, 33 and vibrational frequency to red-shift from

1006 to 1000 cm-1. While these effects are strongest for the

ring breathing mode, other vibrational features including the

in-plane ring deformation show similar behavior in that a 5

cm-1 red-shift is observed upon functional group deprotona-

tion. This suggests that all intermolecular interactions have

the potential to influence vibrational frequencies including

those observed in SERS (vide infra).

B. Impact of Molecular Protonation on the Adsorption of
Benzoic Acid to Gold Nanostars

Now that impacts of molecular protonation on normal

Raman vibrational frequencies for monosubstituted benzene

derivatives have been identified, resulting implications on

molecular adsorption and SERS can be extracted. Previous

studies suggest that functional group protonation generally

weakens molecular binding affinity to a metal interface16, 49

and influences surface orientation.16 To investigate these ef-

fects on gold nanostar surfaces, the implication of functional

group protonation on the adsorption and orientation of ben-

zoic acid/benzoate is evaluated using SERS. We focus on this

benzene derivative because the carboxylic acid group under-

goes ionic and covalent coordination interactions with gold50

and de/protonation of this group changes little in its electron

withdrawing nature as discussed in the previous section. Thus,

all SERS spectral changes arise from variations in molecule-

surface interactions and orientation effects at the interface.

To study these effects, gold nanostars are used because

of their ideal plasmonic properties for 785 nm excitation for

SERS and straight-forward surface activation for the adsorp-

tion of non-thiolated benzene derivatives.21 As shown in Fig-

ure 3A, LSPR spectra associated with gold nanostars before

and after surface activation with HNO3 initially contain two

plasmonic features centered at 518 and 692 nm, which arise

from hybridized resonances associated with the nanostar core

and branches,51 respectively. As shown in Figure 3A-2 and

in the inset, the optical properties and morphology of gold

nanostars are retained upon surface activation. Notably, only

a slight 3 nm blue shift is observed in the low energy plasmon

mode, a result consistent with slight morphological restructur-

ing of the nanostars.21 Upon acidification, the gold nanostar

morphology and surface activation are retained for ~90 min-

utes, so the materials were used within this time frame for all

subsequent experimental measurements. It should be noted

that HEPES affinity to gold increases with longer incubation

times thus requiring repeated activation through acidification

prior to SERS assays.

Because adsorption causes the pKa of carboxylic acids to

decrease, the surface pKa (pKa,surf) for the carboxylic acid

group in the molecule must be determined. To do so, stock

solutions of benzoic acid/benzoate (pH 0.9 – 4.0) are added

to gold nanostars to final concentrations of 10 mM and 0.69

nM, respectively. After equilibration, both zeta potential and

SERS are measured as a function of pH as shown in Figures

3B and 3C, respectively. To aid in surface pKa quantifica-

tion, log values of zeta potential are calculated to linearize

the response. As pH increases, log(-zeta potential) values in-

crease linearly then saturate. The estimated pKa,surf value for

the carboxylate group occurs at the intersection of these two

regimes29 and is 2.17 (±0.3). This value is reasonable when

considering the previously published bond strength of C=O to

gold (-9.2 kJ/mol (-2.2 kcal/mol))52, 53 and the solution pKa

of the carboxylic acid group estimated from the Raman data

in the previous section (3.68 (±0.14)). This is achieved by

estimating the pKa,surf as follows:54

pKa,surf =
∆ G◦

2.303RT
+ pKa,soln

where ∆G◦ is the change in Gibbs free energy associated with

adsorption of the functional group to the gold nanostar sur-

face, R is the gas constant, and T is temperature (298 K).

This calculation estimates a pKa,surf of 2.04 (±0.14), a value

not statistically different from the experimentally determined

value from zeta potential measurements.

SERS analysis suggests that benzoate displaces HEPES

upon adsorption. These data are summarized as a function of

time in Figure S1 and as a function of pH in Figures 3C and

3D. In all cases, SERS spectra are collected using 10 mM ben-

zoic acid/benzoate that is incubated with 0.69 nM activated

gold nanostars. SERS signals arise primarily from molecules
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Elucidation of pH Impacts on Monosubstituted Benzene Derivatives Using Normal Raman and Surface-Enhanced Raman Scattering 6

FIG. 3. pH-dependent zeta potential and SERS analysis of benzoic

acid/benzoate using 2 nM gold nanostars. (A) Representative LSPR

spectra of gold nanostars (1) before and (2) after surface activation (1

mM HNO3 for 10 minutes). Inset shows TEM images of gold nanos-

tars. (B) Surface pKa of benzoic acid on gold nanostars evaluated

as a function of log(-zeta potential (mV)). (C) Representative SERS

spectra of 10 mM benzoic acid at pH of (1) 3.0, (2) 2.8, (3) 2.5, (4)

2.2, and (5) 1.2 in 0.69 nM activated gold nanostars. (D) SERS sig-

nal of the (1) normalized C-O stretch (1285 cm-1) and (2) relative

C-C stretch (1596 cm-1) (relative to ring breathing (1000 cm-1)). Er-

ror bars represent the standard deviation of three replicate measure-

ments. Estimated surface pKa values are 2.17 (±0.30), 2.30 (±0.02),

and 1.81 (±0.17) using zeta potential, normalized SERS signal of C-

O stretch, and C-C stretch, respectively. Errors in pKa values are es-

timated from uncertainties in linear fittings for log (-zeta potential).

Sigmoidal model is used in SERS and pKa values are estimated form

zero-crossing point in the second derivative spectra of SERS analy-

sis. SERS parameters: λ ex = 785 nm, tint = 25 s. and P = 58 mW,

and average = 3. Bands labeled with * represent vibrational modes

from solution: NO3 symmetric stretch from HNO3 (1046 cm-1) and

C-C-O stretch from 2% ethanol (877 cm-1).

adsorbed at positive curvature features on the nanostars (i.e.,

branch tips).55 The time-dependent SERS signals (Figure S1)

suggest benzoic acid/benzoate adsorption reaches equilibrium

within 1 minute regardless of solution pH, a result that is

reasonable given the relatively high molecular concentration

vs. nanostars. As a result and because nanostar instabil-

ity begins to influence spectral intensities after 10 minutes,

only SERS spectra collected within five minutes are ana-

lyzed. Representative SERS spectra collected from pH 1.2-

3 are shown in Figure 3C. All vibrational features arise from

benzoic acid/benzoate except those centered at 1046 and 877

cm-1, which are the NO3 symmetric stretch from HNO3
34 and

the C-C-O stretch from 2 % ethanol, respectively.56 Notably,

no vibrational features associated with HEPES are observed

(see prior studies for reference spectra21) thereby suggesting

benzoate displaces the surface stabilizing agent upon adsorp-

tion.

The vibrational modes observed using SERS for ben-

zoate/benzoic acid are pH dependent and exhibit enhancement

factors vs. normal Raman spectra of ~104. These are most ap-

parent from changes in the ring breathing, COO- in plane scis-

soring, and C-O stretching (in COOH) modes. Several obser-

vations are noted. First, the most intense vibrational feature in

all of these spectra arises from the ring breathing mode (1000

cm-1).39, 40 This band decreases by over 150 % with decreas-

ing pH, a result consistent with more energetically favorable

binding and larger surface density of adsorbed carboxylate vs.

carboxylic acid groups to gold. Second, both the COO- in-

plane scissoring (834 cm-1)41 and C-O stretch in COOH (1285

cm-1)39 are also observed, but their relative intensities vary

with pH. For instance, only the C-O stretch (1285 cm-1) is ob-

served at pH 1.2 while both modes are observed at all other

pHs. As pH increases, the COO- in-plane scissoring mode

(834 cm-1) increases in intensity suggesting that molecular de-

protonation impacts both resulting adsorption energy as well

as molecular orientation on gold. Third, the C-O stretching

(1285 cm-1) intensity increases by 20 % with increasing pH.

Because this signal variation is smaller than that observed for

the ring breathing mode, we hypothesize that both molecu-

lar density and orientation are changing with pH. To carefully

evaluate these data, the normalized C-O stretching signal (i.e.,

integrated area) vs. pH is analyzed as shown in Figure 3D-1.

As pH increases, the relative signal for the C-O stretch, which

represents the molecular surface density of benzoic acid, de-

creases and exhibits a surface pKa = 2.30 (±0.02), a value in

good agreement with the estimated surface pKa (2.2 (±0.3))

from zeta potential. Slight variations in the observed surface

pKa values likely arise from influences from residual HEPES

molecules (3.8 (±0.2));21 however, similar trends are noted.

Furthermore, we hypothesize that the binding affinity of

the functional group weakens from benzoate to benzoic acid,

which also changes molecular orientation because of a de-

crease in molecular surface density as well as variations in

adsorption driving forces. This is similar to what is observed

for α-cyano-4-hydroxycinnamic acid on silver16 where basic

pH conditions promoted carboxylate binding and a parallel

orientation of the C-N group with respect to the surface while

C-N oriented in a perpendicular orientation in acidic condi-

tions because of the weakened affinity of carboxylic acid vs.

C-N.

To investigate these effects for benzoic acid/benzoate on

gold nanostar surfaces, the orientation-sensitive C-C stretch-

ing mode (1596 cm-1) is evaluated as a functional of pH. The

C-C stretch should exhibit maximum enhancement when ori-

ented perpendicular to the Au surface according to surface se-

lection rules.57 As shown in Figure 3D-2, this signal is re-

ported relatively to the ring breathing mode so that the dif-

ferences in surface molecular density can be removed from

this analysis. The relative SERS signal increases with increas-

ing pH and exhibits an inflection point at a pH of 1.8 (±0.2).

This value is close to the estimated surface pKa (2.17 (±0.30))

and indicates molecular tilt angle depends on pH. When pH is

above the surface pKa, carboxylate binds to gold resulting in

the ring oriented perpendicularly to the surface while in so-
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Elucidation of pH Impacts on Monosubstituted Benzene Derivatives Using Normal Raman and Surface-Enhanced Raman Scattering 7

FIG. 4. Representative first-derivative SERS spectra of 10 mM (A)

benzoic acid/benzoate, (B) anilinium/aniline, (C) phenol/phenoxide,

and (D) benzene using 0.69 nM gold nanostars in aqueous solution

as a function of pH. A 6 cm-1 range is shown for each sample. A: pH

= (1) 2.5, (2) 2.2, (3) 1.8, and (4) 1.5. B: pH = (1) 3.6, (2) 3.1, (3)

2.5, and (4) 1.7. C: pH = (1) 7.0, (2) 9.5, (3) 11.8, and (4) 12.1. D:

pH = (1) 1.6, (2) 2.0, (3) 2.5, and (4) 3.0. SERS parameters: λ ex =

785 nm, tint = 25 s. and P = 58 mW, and average = 3.

lution with pH values that are below the surface pKa leads to

benzene rings lying flat21 on gold to maximize π orbital-gold

overlap.

C. Using SERS and the Ring Breathing Frequency to
Understand Changes in Binding Affinity and Orientation of
Benzoic Acid/Benzoate, Anilinium/Aniline,
Phenol/Phenoxide, and Benzene

As established in Figures 1-2, functional group protona-

tion induces a blue-shift in the ring breathing mode for ben-

zene derivatives in solution while a red-shift is observed in

SERS. As shown in Figure 4, this is observed for benzene

as well as benzoic acid/benzoate, anilinium/aniline, and phe-

nol/phenoxide. Zero-point crossings of first derivative spec-

tra are shown to carefully distinguish these small but repro-

ducible spectral changes. For instance, the vibrational fre-

quency of the ring breathing mode systematically red shifts

from 1001.3 to 996.5 cm-1 as pH decreases from 2.5 (above

the surface pKa) to 1.5 for benzoic acid/benzoate (Figure

4A). This red-shift is consistent with molecular reorientation

from a nearly perpendicular orientation with respect to the

metal to parallel.58 Similar red-shifts were observed previ-

ously for the C-N stretching frequency in which π orbital

overlap with silver occurred when the bond was parallel to

the surface.16 To further investigate this behavior for benzene

derivatives, SERS spectra are collected for anilinium/aniline,

phenol/phenoxide, and benzene by varying the pH above and

below the functional group pKa. Solution pKa values of 4.58(-

NH2)25 and 9.95 (-OH)27 for aniline and phenol, respectively,

guided initial solution pH ranges to determine surface pKa

values. The relevant ranges are pH 1.3-4.3 and 5.0-12.5 for

anilinium/aniline and phenol/phenoxide, respectively. The

representative first derivative spectra near the ring breathing

mode frequencies and the entire SERS spectra are shown in

Figures 4B-C and Figure 5, respectively. Both aniline and

phenol behave similarly to benzoic acid. The ring breath-

ing mode red shifts 3.5 and 2.1 cm-1, for aniline and phe-

nol, respectively, as pH decreases. These small yet discernible

red-shifts are attributed to variations in molecular orientation

and are in contrast to the 8 cm-1 blue shifts in vibrational fre-

quency observed upon functional group protonation for both

molecules in solution. Vibrational frequency sensitivity to

molecular orientation is confirmed by analyzing trends with

respect to benzene. The pH sensitive ring breathing mode

for this control molecule are shown in Figure 4D where the

vibrational frequency varies randomly at 966 cm-1 without

any trend as pH is varied from 1.6-3. This indicates that nei-

ther ionic strength nor nitric acid concentration (i.e., pH) af-

fect the ring breathing frequency for benzene as well as for all

other benzene derivatives used in this study. Complete spectra

for both aniline/anilinium and phenoxide/phenol are shown in

Figure 5. Vibrational band assignments are summarized in Ta-

ble 1 and are mostly high symmetry modes that are sensitive

to electromagnetic enhancement. Similar to the normal Ra-

man results, both phenyl ring and functional group modes in

the SERS spectra depend on functional group protonation. For

instance, Figure 6 summarizes the relative trends for the ring

breathing frequency for all of the benzene derivatives stud-

ied here (relative to the most acidic sample). Two trends are

noted. First, phenol exhibits the smallest pH dependence in

ring breathing mode frequency with only a 2 cm-1 red-shift

with decreasing pH, a result that is attributed to the weak affin-

ity between hydroxyl and gold. As a result and as depicted

in Figure 7, phenol/phenoxide likely interacts with gold via

the ring resulting in a parallel, pH-independent orientation.

This is confirmed by the lack of the C-C stretch observed

for the ring in the SERS spectra. As such, both molecules

(phenol and phenoxide) exhibit binding affinities similar yet

slightly weaker than for benzene (3.69 (±0.06) kcal/mol)21

because the functional groups donate electrons to the phenyl

ring thereby weakening its affinity to gold. Second, the ring

breathing mode frequency changes significantly for both ben-

zoic acid/benzoate and anilinium/aniline by ˜2.4 and 2.6 pH

units below their solution pKa, respectively. This indicates

that gold interactions influence the electron distribution of the

carboxylic acid and amine groups. Of note, a larger decrease

in pKa should be observed for aniline as the primary amine

binds to gold with a binding affinity of 6-8 kcal/mol,52, 59

which is ˜3 times larger than benzoate to gold. As summarized

in Figure 7, the ring breathing mode frequency red-shifts in

SERS as pH decreases because the molecules align in a par-

allel orientation with respect to gold upon functional group

protonation, a result very similar to benzene. In contrast, both

benzoate and aniline interact with gold through their func-
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Elucidation of pH Impacts on Monosubstituted Benzene Derivatives Using Normal Raman and Surface-Enhanced Raman Scattering 8

FIG. 5. SERS spectra of 10 mM (A) (1) aniline (pH 4.3) and (2)

anilinium (pH 1.3) and (B) (1) phenoxide (pH 11.2) and (2) phenol

(pH 5). SERS parameters: λ ex = 785 nm, tint = 25 s, P = 58 mW, av-

erage = 3. *887 cm-1 and *1046 cm-1 represent C-C-O stretch from

2% ethanol and NO3 symmetric stretch from HNO3, respectively.

*1348 cm-1 and *1288 cm-1 are from HEPES and summarized in

Table 1.

tional groups rather than through their rings. This induces

significant changes in vibrational frequency because of the

resulting orientation changes. Because NH3
+ and COO- are

electron withdrawing groups with poor affinities to gold, these

monosubstituted benzene derivatives exhibit stronger affinity

to gold (than benzene) through π-Au orbital overlap.

IV. CONCLUSIONS

In summary, functional group (COO-, NH2, O-) protonation

for monosubstituted benzene derivatives leads to a red-shift

in the ring breathing mode frequencies observed in SERS as

pH decreases. This effect is attributed to a decrease in bind-

ing affinity between the functional group and gold upon pro-

tonation, which subsequently causes the molecules to adopt

more parallel geometries on gold relative to their deprotonated

molecular forms. These effects were identified after rigor-

ously determining that this same vibrational frequency blue-

shifts upon functional group protonation (i.e., near the pKa)

in normal Raman measurements, variations induced from

both large inductive (aniline and phenol) and small resonance

(carboxylic acid) effects from functional group protonation.

Namely, both aniline and phenol showed ˜8 cm-1 blue-shifts

while benzoic acid only showed a ˜1 cm-1 blue-shift upon de-

creasing pH below the pKa. Acidification of the surface pKa

of benzoic acid by ˜2 pH units was quantified by measuring

changes in its ring breathing mode, a result confirmed using

a standard method (i.e., zeta potential). Furthermore, the ring

6.png

FIG. 6. Relative ring breathing mode frequency (vs. the most acidic

measurement) for (1) benzoic acid/benzoate, (2) anilinium/aniline,

(3) phenol/phenoxide, and (4) benzene as a function of pH (pH 5-12

for phenol and 0-4.5 for others). A sigmoidal fit is included for (1),

(2), and (3). Linear fitting is applied to data set (4). SERS parame-

ters: λ ex = 785 nm, tint = 25 s, P = 58 mW, average = 3. The error bars

represent the standard deviation of three replicate measurements.

breathing mode frequency for benzoic acid red-shifted 5 cm-1

upon decreasing pH near the estimated surface pKa, indicat-

ing reorientation from a perpendicular to flat orientation, a re-

sult confirmed using the orientation-sensitive C-C stretching

vibrational mode. Similar trends were observed for for anil-

nium/aniline but not phenol/phenoxide and benzene. These

studies suggest that changing the simple parameter of pH can

have profound impacts on vibrational spectral features, results

that can be understood in terms of both surface selection rules

and electron density.

V. SUPPLEMENTARY MATERIAL

See supplemental material for time dependent SERS spec-

tra and analysis for benzoate.
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FIG. 7. Proposed structures and orientation of benzoic acid, aniline,

and phenol on gold nanostars.

VI. DATA AVAILABILITY

The data that support the findings of this study are available

from the corresponding author upon reasonable request.
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