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Gold Nanoparticle Capping Layers: Structure, Dynamics, and Surface
Enhancement Measured Using 2D-IR Spectroscopy™**
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Raman and infrared spectroscopic analysis play an important
practical role in nanotechnology research. From surface-
assembled monolayer characterization!™” to sensing®? and
labeling,”! the vibrational bands in Raman and infrared
spectra are useful for identifying the presence of specific
molecules in a sample and reporting on their structure, charge
state, orientation, and local solvation.

As a recent development, more advanced methods of
ultrafast multidimensional infrared spectroscopy***<dl are
increasingly used for measurements where detailed spectro-
scopic information about the molecular structure, dynamics,
and environment is required, or where an infrared or Raman
spectrum is too congested for straightforward analysis. One
such technique, two-dimensional infrared spectroscopy (2D-
IR), employs a sequence of short infrared laser pulses that
excite selected vibrational states of a molecular system.*"!
The evolution of the excited vibrational states and depleted
ground state is time resolved over a range of about 10—
107 s using a delayed probe pulse.

2D-IR spectra contain information unobtainable in linear
spectra. The shape of the diagonal peaks in a 2D spectrum are
a powerful probe of structural dynamics/®*® and cross peaks
appear through direct vibrational couplings,”* population
relaxation,”® and chemical exchange.’** Measurements on
surface-assembled monolayers'*®! and nanoparticle capping
layers''!! indicate that 2D-IR spectroscopy can contribute
significantly to the characterization of nanostructured sys-
tems. We will show in this paper that 2D-IR spectroscopy is
especially sensitive to the changes in local environment and
dynamics that occur for nanoparticle-bound molecules com-
pared with equivalent unbound molecules.

The additional possibility of localized intensification of
electric fields adds another twist to the spectroscopy of metal
nanostructures, giving rise to a variety of effects, most notably
surface-enhanced Raman scattering!'**! (SERS) and surface-
enhanced infrared absorption (SEIRA).I**<dl Focussing on
liquid suspensions of spherical gold nanoparticles and their
aggregates, we explore herein how 2D-IR spectroscopy can be
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applied to the study of molecular adsorbate capping layers in
the presence of infrared near-field surface enhancements.

We begin our discussion with a description of how field
enhancement, orientational averaging, and local structure
effects determine 2D-IR signals from assemblies of molecules
around spherical noble metal nanoparticles. Mie theory™
describes the electric field around a sphere illuminated by an
incident field of amplitude E,. When the nanoparticle radius
a is much smaller than the wavelength of the incident light 4,
a simplified quasistatic description is obtained!™ (for details,
see the Supporting Information). The electric field magnitude
in this limit is plotted in Figure 1a. In the infrared, far from
the d-sp plasmon resonance, the field has a peak value of 3F,
at the nanoparticle surface along the polarization axis. In
addition to this increase in field strength, two other effects
work together to increase the coupling of the field to the
bound molecules. These are the conversion of the polarized
incident field into a radial near-field around the nanoparticle
and the translation of a random isotropic molecular dipole
distribution, as occurs in solution, to a nanoparticle-based
surface distribution (Figure 1c and d).

Consider a ground to first excited-state infrared transition
(v=0—1). The infrared absorption A and the 2D-IR signal
strength S depend on the field-transition dipole interaction as

<QE¢.E)2> and <(ﬁ.f£)4>, respectively.*! The angle brackets (.)

x/nm — T -

Figure 1. a) The electric field magnitude | E| around a metal nano-
particle under IR illumination. Red describes regions where | E| > E,.
Blue describes regions where | E| < E;. b) Coordinates used to describe
nanoparticle-bound transition dipoles. c) An isotropic distribution of
transition dipoles in an x-polarized electric field. d) A radial distribu-
tion of transition dipoles in a metal nanoparticle near field.
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indicate averaging over the orientations of a dipole of
strength u, with respect to the field. For an isotropic
distribution of vibrational transition dipoles, we have for
absorption A and diagonal 2D-IR signal S the well-known
Equations (1) and (2):14¢

AL < 3 (1)

isotropic

Sioropic < #3E/S 2)
For an array of transition dipoles on a metal nanosphere
surface oriented radially outwards (Figure 1d), the field is
always aligned with the molecular dipoles. At the surface, the
radial field is 3 Esinf cos¢ (see the Supporting Information).
Averaging over 6 and ¢ gives Equations (3) and (4):

Aln]:nopanicle & 31“3E3 (3)
Sn]a)nofﬁmcle X 811“?)E3/5 (4)

Using the isotropic case for reference, we define the following
signal and absorption enhancement factors [Egs. (5) and (6)]:

D-IR 2D-IR
QZD—]R Snanopanlcle/SiSDlropiC (5)
QIR Ananopartlcle /Also(roplc (6)

For a radial transition dipole distribution at the surface of
a spherical metal nanoparticle, the IR absorption and 2D-IR
signal strength are therefore enhanced by factors Qi =9 and
Qv =81, or Oypir = O’

The enhancement factors can be calculated more gener-
ally by introducing parameters R and 6,, the average distance
and angle of each dipole with respect to the surface (Fig-
ure 1b). Assuming isotropic averaging around the local
azimuthal coordinate ¢4, the orientational averages are
straightforward to compute numerically (as described in the
Supporting Information), and in this manner we find that Q,p,
R = Ok’ is valid for all R and 6,. Figure 2 shows how QO and
Op.r Vary with R and 6, and that surface enhancement will
play a role in the infrared and 2D-IR spectra of spherical
nanoparticles for dipole angles up to 70 degrees and distances
up to R~ a from the nanoparticle surface. For values of 6, >
70 degrees, Qg and Q,p g are actually less than 1. Near-
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Figure 2. Plots of the IR and 2D-IR signal enhancement factors Qy;
and Q,p.r as a function of dipole tilt angle 6, and distance from the
surface R for an orientationally averaged ensemble of dipoles located
around a spherical metal nanoparticle of radius a.
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complete suppression of infrared and 2D-IR signals occurs for
6,=90° and R < a (the infrared surface selection rule!'®).

To quantify surface enhancement in Raman and IR
spectroscopy, it is often necessary to know the molecular
surface coverage of the enhancing nanostructure, allowing
signal size comparisons to be made against a known concen-
tration of a similar unbound analyte. We can get around this
requirement by making use of the fact that 2D-IR signal and
infrared absorption are related and both scale linearly with
concentration. By measuring 2D-IR signal sizes and infrared
absorption strengths from a nanoparticle-bound and a similar
unbound “isotropic” species, an experimental measure of
enhancement independent of concentration and other instru-
ment parameters is obtained [Eq. (7)]:

2D-IR IR 2
Q __ “'nanoparticle nanoparticle QZD—IR lunanoparliclc (7)
exp D—-IR IR - Q 2
isotropic isotropic IR :uisolmpic

Equation (7) contains two effects that can change the 2D-IR
signal size of the nanoparticle capping layer: the nanoparticle
near-field enhancement and the molecular environment
change. We assume here that the latter is negligible
/’Lnanoparticle Iuizsotropic ~ 1) . ThLIS, QZD*IR is Slmply Qexpz'

Spherical gold nanoparticles (average radius a of 6.5 and
10 nm) were prepared with amide- and carboxylate-function-
alized thiol-based capping molecules attached (Figure 3). The
capping molecules and nanoparticles were specifically chosen
to simultaneously give stable aqueous suspensions in D,0O and
to act as local probes of environment and surface enhance-
ment, providing together a degree of variation in the expected
ensemble values of a, R, and 6,,.

AP DG,
Au—§ N/\/EVPEG A"|S:/>W\/KH/\/§/PEG
i Au-—S '

\—=1nm4

° /\/\/\/\/\/’1-
Au--S 0
L ~15mm 4‘

Figure 3. a—c) Nanoparticle capping molecules used herein. The gold-
to-reporter distances are for perpendicular alkane spacers. d) Orienta-
tion of transition dipole moments of interest.

d)
) [} T o}
Amide | W AFA~—

Molecules (a) and (b) of Figure 3 contain a single amide
unit, expected to lie at about 0.5 and 1 nm from the gold
“anchor” point, respectively. For these molecules, we studied
the amide I band, which has a transition dipole moment
pointing approximately 20° away from the carbonyl group
towards the nitrogen atom (Figure 3d).*Y Molecule (c),
mercaptoundecanoic acid (MUA), contains a carboxylate
group located about 1.5 nm from the gold anchor point. For
this case, we examined the carboxylate symmetric (v,) and
asymmetric (v,) stretch modes (Figure 3d). The orthogonal
transition dipole moments of these modes mean that two
(perpendicular) 6, angles from the same chemical group can
be accessed. Lastly, in anticipation of larger field enhance-
ments,* a final parameter that we were able to modify was
the nanoparticle morphology itself. Stable submicron-sized
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aggregates capped with the 0.5 nm amide-PEG were prepared
for analysis alongside the monodisperse spherical nanopar-
ticle samples. The preparation and characterization of all
nanoparticle samples and other practical details concerning
the 2D-IR spectroscopy are described in the Supporting
Information.

Figure 4a and 4b show 2D-IR spectra of the amide I band
for the 0.5 nm amide-PEG sample free in solution, and bound
to spherical gold nanoparticles. Figure 4c shows a 2D-IR
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Figure 4. 2D-IR and FT-IR spectra of amide- and carboxyl-reporting
groups bound to gold nanoparticles (AuNPs) and in solution
(unbound). 2D-IR population time; 300 fs. All samples suspended/
dissolved in D,0/NaOD.

spectrum of nanoparticle-bound 1 nm amide-PEG. Both
samples used in Figure 4b and 4c contained nanoparticles
with an average radius a =6.5 nm. The FT-IR lineshapes of
these three sample types are presented in Figure 4f. The
larger radius gold nanoparticles (¢=10nm) and also the
aggregated samples tested gave identical infrared and 2D-IR
amide I lineshapes. In Figure 4d, 4 e, and 4 g—i are 2D-IR and
FT-IR spectra for MUA-capped nanoparticles. As MUA is
insoluble in D,0, it was necessary to use sodium acetate as the
unbound carboxylate reference.

To calculate experimental enhancement values [Q.y,
Eq. (7)], the peak values of infrared absorbance and negative
diagonal 2D-IR signal (shown in blue in Figure 4) were used
for each nanoparticle sample and its unbound reference.
Example infrared and 2D-IR datasets for determining Q.,
are presented in Figure 5. Here, spectra of the unbound
0.5 nm amide-PEG are shown measured alongside samples of
the same capping molecule bound to a=6.5 nm gold nano-
particles and submicron-sized aggregates. The data clearly
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Figure 5. An example dataset for determining experimental enhance-
ment factors (Q,) from FT-IR absorbance and 2D-IR ground state
bleach/stimulated emission spectra of amide | bands. The 2D-IR
signal plots are cuts (dotted lines in Figure 5a and 5b) showing the
peak values of the negative diagonal signal at each pump frequency.

show that the 0.5 nm amide-PEG 2D-IR signals from nano-
spheres and aggregates are larger than the 2D-IR signal from
the unbound sample, despite the unbound sample having the
highest linear absorbance.

The measured enhancement factors Q.,, are displayed in
Table 1. Values between 2 and 10 are observed, corresponding
to 2D-IR signal enhancements of x 4 to x 100 (QZD,IR%QCXPZ).

Table 1: Enhancement measurements on amide- and carboxylate-capped
spherical nanoparticles and aggregates.

Sample QrEt20%
unbound capping molecule 1

a=6.5 nm AuNPs 1 nm spacer amide | 2

a=10 nm AuNPs 1 nm spacer amide | 2.5
a=6.5 nm AuNPs 0.5 nm spacer amide | 35
a=10 nm AuNPs 0.5 nm spacer amide | 4.5
a=10 nm AuNPs, MUA COO- v, 5

a=10 nm AuNPs, MUA COO- v, 3
aggregated sample, 0.5 nm spacer 10

The Q.,, values of the spherical amide-PEG nanoparticles
nicely illustrate the effects of changing the dipole distance R
and nanoparticle size a. That is, Q.,, increases for the samples
with the amide group nearer to the surface (the 0.5 nm amide-
PEG) and also for the larger diameter nanoparticles. As
expected, increasing the size and degree of disorder of the
gold nanostructures by aggregating the nanoparticles causes
O., for the amide-PEG capping layer to increase to x 10
(QZD—IR = 100)~

We now turn our attention to what the surface-enhanced
2D-IR spectra reveal about the amide-PEG capping layer
structure. The rounded 2D lineshape of the unbound amide I
band is known to be due to fast dephasing, caused by rapid
fluctuations of solvation shell water affecting the hydrogen-
bonded amide I’ frequency.'” In contrast, the nanoparticle-
bound amide I 2D spectrum shows a narrower antidiagonal
linewidth, demonstrating that as part of a capping layer
“core”, environmental fluctuations are substantially slower.
Despite this difference, the diagonal widths of the bound and
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unbound bands are actually similar. The 13.5 cm™ spectral

blue-shift observed for amide-PEG upon binding to the
nanoparticles is also indicative of a chemical environment
change. However, the H,O-prepared amide-PEG nanoparti-
cles, unlike the unbound amide-PEG molecules do not
undergo H-D exchange upon suspension in D,O.!! This
accounts for about 5 cm ™' of the observed 13.5 cm™ blue-shift
in the nanoparticle amide I band. The remaining shift is, in
a relative sense, rather small and indicates that the carbonyl
groups on the nanoparticles are still hydrogen bonded,
probably with neighboring amide groups, as has been
proposed for similar amide SAMSs.["

Comparison of the measured enhancement factors for the
0.5 and 1 nm amide-PEG molecules with those calculated in
Figure 2 indicate that the amide I transition dipoles are at an
average 6, angle of 45° to 50°, implying that the carbonyl
groups are at 65 to 75° relative to the surface normal. This is
entirely consistent with the range of angles possible when
considering the packing of such capping molecules on a sur-
face.

The MUA-capped nanoparticle 2D-IR spectra offer
different, but equally interesting insights. As with the
amide I data, the slightly more tilted 2D-IR peaks of the
nanoparticle-bound carboxylate groups (compared with the
unbound spectrum) suggest slower fluctuations at the surface
of the nanoparticle capping layer. This is consistent with
previous 2D-IR observations of water near the charged
interface of reverse micelles.”” Comparing the two orthog-
onal transition dipoles for the MUA capped nanoparticles
case (Table 1), we see that the symmetric (v,) and asymmetric
(v,) stretch modes are both enhanced, with the former having
a larger value. This implies that both modes have some radial
component, with the symmetric stretch mode more axially
oriented on the nanoparticle surface. Previous flat gold
carboxylate SAM measurements using near-edge EXAFS
determined a more “upright” conformation.*"/ If this were the
case in the 2D-IR spectra of the a=10 nm nanoparticles
examined here, the v, mode would be suppressed relative to
the unbound carboxylate. Nanoparticle curvature effects?!
and compositional differences are the most likely cause of the
extra carboxylate tilt compared with the flat surface studies.

Compared with the amide I data presented here, the exact
interpretation of the carboxylate enhancements is more
nuanced because of the appearance of two diagonal peaks
in the symmetric stretch 2D-IR spectrum, separated by about
30cm™' with cross peaks between them (Figure Se, red
arrows). No such effect is present for the asymmetric stretch
mode. This suggests that interactions between carboxylate
groups occur upon close packing of the MUA on the
nanoparticle surface, resulting in excitonic coupling of the
symmetric stretch modes. The carboxylate-capped nanopar-
ticle data is thus an important illustration that through the
appearance of cross peaks, 2D-IR spectroscopy can be used to
probe associations of molecules in a capping layer.

We note that typical SEIRA applications use rough,
percolated and possibly plasmon-resonant surfaces. In com-
parison, the experiments reported here involve isolated
particles and relatively small signal enhancements."* In
fact, if the enhancements were larger, we would expect
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distortions of the 2D-IR lineshapes. Taking the aggregated
sample as an example (Q,p.r = 100), based on the number of
photons in our pump laser pulse (~10"), the estimated
number of amide groups in the laser focal volume (= 10")
and the number of photons absorbed by the pump beam
through the about 4 mOD (enhanced) amide I band (~1%
absorbed), we anticipate that any further increase in the near
field strength will begin to induce multiphoton processes.
These would appear as third (and higher) excited-state
absorption bands in the 2D-IR spectrum, stealing intensity
from the third order 2D-IR signal.

Although no higher order nonlinear effects appear to be
present in the 2D-IR data presented here, these effects should
be considered when designing experiments for measuring
larger 2D-IR signal enhancements. In this respect, the
combination of tip enhancement or infrared plasmonic
resonant nanostructured surfaces with low peak intensity,
high fluence infrared laser sources®! appear to be a promising
direction.

In summary, we have demonstrated that 2D-IR spectros-
copy is a useful method for characterizing the structure and
dynamics of nanoparticle capping layers. The measurement
strategy presented for detecting the surface enhancement of
nanostructure capping layer does not require any knowledge
of the capping layer surface coverage. A simple dipole
distribution model is used to relate the measured enhance-
ment to the tilt angle and surface distance of the molecular
groups probed. Spectra observed from amide and carboxylate
groups on spherical and aggregated nanoparticles show that
the sensitivity of 2D-IR spectroscopy to surface field
enhancements, interaction cross peaks, and different line-
broadening mechanisms results in useful structural informa-
tion that may in future assist in the design and synthesis of
novel functionalized nanoparticles. Relating the enhance-
ments, cross peaks, and 2D lineshapes to more realistic
capping layer models simulated by, for example, molecular
dynamics will be an important step in increasing the available
information content.
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