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Competition between Hydrophilic and Argyrophilic
Interactions in Surface Enhanced Raman Spectroscopy

John T. Kelly, Annie K. McClellan, Lynn V. Joe, Ashley M. Wright, Lawson T. Lloyd,
Gregory S. Tschumper,* and Nathan I. Hammer*®

The competition for binding and charge-transfer (CT) from the
nitrogen containing heterocycle pyrimidine to either silver or
to water in surface enhanced Raman spectroscopy (SERS) is
discussed. The correlation between the shifting observed for
vibrational normal modes and CT is analyzed both experimen-
tally using Raman spectroscopy and theoretically using elec-
tronic structure theory. Discrete features in the Raman spec-
trum correspond to the binding of either water or silver to
each of pyrimidine’s nitrogen atoms with comparable frequen-
cy shifts. Natural bond orbital (NBO) calculations in each chem-
ical environment reveal that the magnitude of charge transfer
from pyrimidine to adjacent silver atoms is only about twice
that for water alone. These results suggest that the choice of
solvent plays a role in determining the vibrational frequencies
of nitrogen containing molecules in SERS experiments.

Although the exact mechanism is not fully understood, Fleisch-
mann et al. made a lasting impression in the scientific com-
munity with the spectroscopic observation of “physisorbed”
pyridine on a silver surface nearly half of a century ago."”
Today, surface-enhanced Raman spectroscopy (SERS) is em-
ployed in a wide range of applications to characterize both
inter- and intramolecular interactions.””"" Many biologically rel-
evant molecules have weak Raman scattering and/or exhibit
problematic fluorescence, making structural assignment diffi-
cult."? SERS helps facilitate the detection and analysis of such
molecules by increasing the scattering intensity on the order
of 10° times, ' and this enhancement makes SERS a powerful
analytical technique. Despite all the progress, the contributions
from electromagnetic (EM) and charge-transfer (CT) enhance-
ments to the SERS effect continues to be debated."* """

The nitrogen-containing heterocycle pyridine is one of the
most studied SERS-active molecules, and its vibrational spec-
trum is still examined today both experimentally and theoreti-
cally in efforts to better understand the fundamental molecular
interactions that give rise to this nascent enhancement.’'!
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Fleischmann et al. even suggested in their 1974 work the im-
portance of the orientation of the water molecules to the SERS
phenomenon.!" Here, in order to study the interactions of a ni-
trogen containing heterocycle with silver and water, we
choose to study the two-nitrogen-atom analogue pyrimidine.
Pyrimidine is a more biologically relevant building block and
offers two potential binding sites to silver and water. Previous-
ly, we employed a combination of Raman spectroscopy and
electronic structure computations to correlate partial CT from
pyrimidine to extended hydrogen-bonded solvent networks to
shifts in the Raman spectrum of pyrimidine.”*? In those stud-
ies, we considered eight different solvent molecules and over
100 microsolvated molecular clusters to establish a direct cor-
relation between the magnitude of charge transfer and the re-
sulting frequency shifts. Such shifts are common in SERS spec-
tra and also likely originate from partial charge transfer.?>-"
Centeno et al. previously investigated the SERS spectra of ni-
trogen-containing heterocycles, including pyrimidine in aque-
ous solutions.®>*! These authors noted shifts in the Raman
spectra of the nitrogen-containing heterocycles in these solu-
tions and compared their experimental results to the results of
electronic structure calculations. They focused their analysis on
the interactions between metal electrodes and the absorbate
and quantified the SERS enhancements. Here, in order to sepa-
rate the contributions of CT from pyrimidine to silver and pyri-
midine to the hydrogen-bonded water network, we compare,
for the first time, the Raman spectra of solvated pyrimidine
(Pm/H,0) to the SERS spectra of both neat pyrimidine on silver
substrate (Pm/Ag) and pyrimidine on silver substrate in the
presence of water (Pm/H,0/Ag), both experimentally and theo-
retically. We also compare these results to our earlier studies.
Figure 1 compares the experimental Raman spectra of pure
pyrimidine (Figure 1a) with that of a 1M pyrimidine/water mix-
ture (Figure 1b) as well as the SERS spectra of pure pyrimidine
on a silver island film (Figure 1c) with that of a 1 m pyrimidine/
water mixture on a silver island film (Figure 1d). Water’s bend-
ing and stretching modes are apparent in the aqueous pyrimi-
dine/water mixture in Figure Ta. Details of the experimental
techniques are included in the Supporting Information. Certain
vibrational normal modes of pyrimidine are observed to either
blue-shift (shift to higher energy) or red-shift (shift to lower
energy) in the presence of water, by up to 14 cm™'. Similar
shifts are observed in the SERS spectra of both pyrimidine and
the pyrimidine/water mixture when absorbed to a silver sub-
strate. These vibrational energy level shifts are tabulated in
Table 1. In our earlier works we analyzed our experimental re-
sults with the use of Natural Bond Orbital (NBO) analyses and

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Raman spectra of a) neat pyrimidine, b) a 1 m aqueous pyrimidine
solution, and SERS spectra of c) neat pyrimidine and d) a 1 M aqueous pyri-
midine solution.

Table 1. Normal modes, symmetries, and vibrational frequencies (v, in
cm™') of pyrimidine (Pm) and vibrational frequency shifts of pyrimidine
(Av, in cm™) in the presence of water (Pm/H,0), silver (Pm/Ag), and
water and silver (Pm/H,0/Ag).

Pm Pm/H,0 Pm/Ag Pm/H,0/Ag

Symmetry Mode ” Av Av Av
A, Vea 681 +5 +3 -

v 990 +14 +13/+25 +14

Vo 1139 +5 -1 +1

Vga 1564 +6 —4 —4
B, Vs 1228 +3 +6 +5

Vey 1571 +12 +7/4+11 +9

attributed this blue-shifting to result from electron density
transfer from pyrimidine’s lone pairs to the hydrogen-bonded
network.”®*) Here, we apply this same computational ap-
proach to study interactions with the silver substrate.

Both Raman and SERS spectra of pyrimidine include a promi-
nent feature at 990 cm™' (v,), which is the pyrimidine’s ring
breathing mode. This mode is common to all benzene-like
molecules and exhibits the largest change in polarizability
upon excitation and therefore the largest Raman cross-section.
A high resolution comparison of this region is shown in
Figure 2. We,”?® and others,**>% previously showed in the
cases of pyrimidine interacting with water, methanol, and eth-
ylene glycol, that the features labeled here by «, 3, and vy origi-
nate from interactions with 0, 1, and 2 hydrogen-bonded
groups, respectively. In the cases with water, these features are
broader due to the many possible hydrogen-bonded geome-
tries. With methanol (see Figure S1), however, these features
are more distinct and similar to the case of Figure 2¢, suggest-
ing that, in addition to free pyrimidine molecules (a), pyrimi-
dine molecules also exhibit interactions with silver by both
one () or both nitrogen atoms (y). The differences in the
ratios of the features a, , and vy in Figures 2c,d suggest that
both water and silver are interacting with pyrimidine.

ChemPhysChem 2016, 17, 2782 - 2786

www.chemphyschem.org 2783

Pm/H,0/Ag

T T | T T T [ T T 1T — T T 1 T T T ] T T17

I I I
980 1000 1020 1040 1060 1080 1100
Raman Shift (cm™)

Figure 2. Higher-resolution Raman and SERS spectra of pyrimidine and
aqueous pyrimidine solutions in the region of pyrimidine’s ring breathing
mode v, and Fermi resonance (FR). Peaks labeled by a, 3, and v indicate 0,
1, or 2, respectively, interactions with silver and the Lorentzian fits in (c) indi-
cate contributions from three distinct binding motifs.

Also in this region, centered at 1060 cm~', are two peaks

that are equal in intensity in the Raman spectrum of pure pyri-
midine. This feature has been assigned by different authors as
a Fermi resonance (FR) including v,, and a combination band,
most usually v, + 14, although the actual assignment is still
debated in the literature. We previously showed that v, (cen-
tered at 351cm™' in pure pyrimidine) exhibits a shift of
+2cm™' in the presence of water. Interestingly, in the cases of
pyrimidine interacting with only water, only silver, and silver
and water together, these peaks get closer together and their
relative intensities change, indicating that the overlap in the
energies of these modes is no longer favorable.

Figure 3 shows higher-resolution spectra of the symmetric
and asymmetric ring-stretching modes of pyrimidine, vg, and
Vg, respectively, near 1560 cm™". In the SERS spectra of pyrimi-
dine, there is also a substantial enhancement of these features.
This is especially true in aqueous solution as shown in Fig-
ure 1c. As in the case of v,, multiple spectral components are
apparent in vg, when pyrimidine interacts with silver, suggest-
ing that binding by silver to either one or two nitrogen atoms
yields different vibrational energy shifts. However, it is also ap-
parent from the smaller blue shift in Figure 3d that water ef-
fectively competes with silver for binding with pyrimidine.

Centeno etal. previously suggested that the increase in
Raman activity of vg, and vg, has its origins in resonance
Raman effects, Herzberg-Teller intensity borrowing, and Frank-
Condon factor enhancements.®” It is important to point out
that this effect is more pronounced in the presence of water
(Figure 1c vs. Figure 1d), suggesting that the solvent is playing
an important role in this enhancement.

Harmonic vibrational frequencies of silver clusters interacting
with organic molecules have previously been computed using

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Higher-resolution Raman and SERS spectra of pyrimidine and
aqueous pyrimidine solutions showing the symmetric and asymmetric ring-
stretching modes vg, and vy, respectively.

a variety of density functional theory (DFT) methods®3¥ with
different basis sets.*2*? Here, Becke's three-parameter ex-
change functional with the Lee-Yang-Parr correlation'*? is
employed with several basis sets in an attempt to accurately
describe charge transfer between silver clusters, solute, and
water. Full geometry optimizations and frequency analyses
were performed using the B3LYP hybrid density functional
along with suitable triple-C basis sets and the Gaussian09 soft-
ware package.”® For comparison, calculations were also per-
formed using the M06-2X"*Y and M06-L"* functionals and re-
sults are included in the Supporting Information. Figure 4
shows optimized molecule cluster geometries for pyrimidine
interacting with either water, Ag,, or water and Ag,. Although
the number of silver atoms for a given nanocluster is known
to affect the structure and resulting vibrational frequencies in
nitrogen-containing molecules, Schatz showed that this varia-

Figure 4. Optimized minimum energy geometries of a) pyrimidine hydro-
gen-bonded to one water molecule, b) pyrimidine interacting with a silver
dimer, c) pyrimidine hydrogen-bonded to two water molecules, d) pyrimi-
dine interacting with both a silver dimer and a water molecule, and e) pyri-
midine interacting with two silver dimers.

ChemPhysChem 2016, 17, 2782 - 2786
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tion is relatively small and also depends on the placement of
the silver atoms.*® Here we explore the interactions between
pyrimidine and silver using Ag, because the deviation expect-
ed from choice of the number of silver atoms is less than the
absolute error expected from the choice of the level of theory,
and this selection allows a convenient comparison with inter-
actions with water.

We previously showed that symmetrically solvated pyrimi-
dine clusters reproduced experimental shifts in the cases of
water, methanol, and other hydrogen-bonded solvents.”s* |n
each of these cases, these weakly interacting complexes, in-
cluding the structure shown in Figure 4c, are energetically
more stable than the individual monomers. Each complex is
bound by at least 10.6 kcalmol ™' according to B3LYP computa-
tions with the Dunning correlation-consistent aug-cc-pVTZ
basis set with a pseudopotential for silver atoms (hereafter de-
noted aTZ-PP). For the H,O--Pm--H,O structure shown in Fig-
ure 4¢, the computed interaction energy is 10.6 kcalmol™', but
this value nearly doubles to 20.8 kcalmol™' for the correspond-
ing Ag,-Pm--Ag, structure in Figure 4e.

Tables 2 and 3 compare the observed Raman shifts with
those from harmonic vibrational frequencies for the B3LYP/
aTZ-PP structures in Figure 3. Results with other functionals
and basis sets are included in the Supporting Information. The
agreement between theory and experiment for pyrimidine in-
teracting with silver is good. This is especially true for the spec-
tral features f and vy in Figure 2¢, which are experimentally
+13 and +25cm™, respectively. These agree well with the

Table 2. Comparison of the experimental (Pm/H,0) and the computed
(Pm--H,0 and H,0--Pm--H,0) vibrational energy shifts [cm~'] of certain
normal modes of pyrimidine when interacting with water using the
B3LYP method and the aug-cc-pVTZ basis set.

Mode Pm/H,0 Pm-H,0 H,0--Pm-+H,0
A, Veéa +5 +4 +7

V4 +14 +8 +15

Voa +5 +2 +4

Vga +6 —1 +3
B, V3 +3 +4 +9

Vgp +12 +9 +1

Table 3. Comparison of the experimental (Pm/Ag and Pm/H,0/Ag) and
the computed (Pm--Ag,, Ag,-Pm--Ag, and H,O--Pm--Ag,) vibrational
energy shifts [cm '] of certain normal modes of pyrimidine when interact-
ing with silver and water and silver using the B3LYP method and the
aug-cc-pVTZ basis set.

Mode Pm/Ag Pm--Ag, Ag,~Pm-Ag, Pm/H,0/ H,0--Pm-Ag,

Ag
A Ve +3 +2 —4 - +4
vy 13/ +13 +22 +13 +19
+25
Vo, —1 —1 -6 +1 +2
Vg, —4 —4 +5 —4 —1
B, v»; +6 +4 +15 +5 +9
Ve, +7/ +14 +20 +9 +15
+1
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computed values of +13 and +22cm™' for binding by silver
to either one or both of pyrimidine’s nitrogen atoms.

The NBO results shown in Table 4 suggest partial electron
transfer from the pyrimidine to both adjacent water molecules

Table 4. NBO analysis comparing partial charge transfer [me™] from pyri-
midine to water molecules and/or silver atoms.

Pm H,O Ag,
Pm--H,0 224 —224 -
H,0--Pm--H,0 40.4 —20.2 -
Pm--Ag, 79.3 - —79.2
Ag,+Pm--Ag, 145.2 - —726
H,O--Pm--Ag, 90.2 —13.5 —76.6

and the silver island films."*” This CT is the origin of the spec-
tral blue shifts in a number of normal modes in pyrimidine.
The analysis of these results quantifies for the first time the
magnitude at which partial charge transfer plays a role in this
widely applied technique in competition with the solvent, in
this case water. Although charge transfer to silver dominates,
consideration of the solvent, especially water, should not be
neglected. Over 10% of the charge transfer is distributed to
the hydrogen bound water molecule when both silver and
water are interacting at the same time with pyrimidine. This
number is likely much larger than 10% in aqueous solution
since Aqg increases with the number of water molecules hydro-
gen bonded to the complex.?*-%”

In summary, we demonstrate that the interactions of the ni-
trogen-containing building block pyrimidine with either silver
or water are remarkably similar in terms of blue-shifted vibra-
tional frequencies and partial CT. We also demonstrate that the
agreement between experiment and theory is very good in
these systems. Although the binding of pyrimidine to silver is
preferential to that with water, binding with water still com-
petes as evidenced by differences in the SERS spectra of v,
and pyrimidine’s Fermi resonance near 1060 cm™. In a pyrimi-
dine cluster with a single water molecule and a single Ag,
moiety, H,O accepts more than 10% of the charge being trans-
ferred from pyrimidine to its neighbors according to NBO anal-
yses. Together, these results suggest that interactions with
both silver and water account for the spectral features ob-
served experimentally in SERS experiments and that the choice
of solvent in SERS likely plays an important role in the ob-
served vibrational spectra of nitrogen containing heterocyclic
molecules.
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