Nanoscale

-
\ Nanoscale
-

S

Solvent Manipulation of the Pre-reduction Metal-Ligand
Complex and Particle-Ligand Binding for Controlled
Synthesis of Pd Nanoparticles

Journal: | Nanoscale

Manuscript ID | NR-ART-08-2020-006078.R1

Article Type: | Paper

Date Submitted by the

Author: 02-Nov-2020
Complete List of Authors: | Li, Wenhui; Virginia Polytechnic and State University, Chemical
Engineering
Taylor, Michael; Massachusetts Institute of Technology, Chemical
Engineering

Bayerl, Dylan; University of Pittsburgh, Department of Chemical and
Petroleum Engineering

Mozaffari, Saeed; Virginia Tech, Chemical Engineering; Virginia Tech
Dixit, Mudit; University of pittsburgh , Chemical and Petroleum
Engineering

Ivanov, Sergei; Los Alamos National Laboratory, Chemistry division
Seifert, S6nke; Argonne National Laboratory, X-ray Science Division
Lee, Byeongdu; Argonne National Laboratory, X-ray Sciences Division;
Shanaiah, Narasimhamurthy; Virginia polytechnic Institute and State
University, Department of Chemistry

Lu, Yubing; Virginia Polytechnic Institute and State University,
Kovarik, Libor; Pacific Northwest National Laboratory, EMSL
Mpourmpakis, Giannis; University of Pittsburgh, Chemical and Petroleum
Engineering

Karim, A.; Virginia Polytechnic and State University, Chemical
Engineering

ONE™




Page 1 of 12

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Introduction

Nanoscale

Solvent Manipulation of the Pre-reduction Metal-Ligand Complex
and Particle-Ligand Binding for Controlled Synthesis of Pd
Nanoparticles

Wenhui Li,> Michael G. Taylor,? Dylan Bayerl,® Saeed Mozaffari,® Mudit Dixit,? Sergei lvanov,® Soenke
Seifert, Byeongdu Lee,® Narasimhamurthy Shanaiah,® Yubing Lu,® Libor Kovarik,! Giannis
Mpourmpakis,®* and Ayman M. Karim*

Understanding how to control the nucleation and growth rates is crucial for designing nanoparticles with specific sizes and
shapes. In this study, we show that the nucleation and growth rates are correlated with the thermodynamics of metal-
ligand/solvent binding for the pre-reduction complex and the surface of the nanoparticle, respectively. To obtain these
correlations, we measured the nucleation and growth rates by in-situ small angle X-ray scattering during the synthesis of
colloidal Pd nanoparticles in the presence of trioctylphosphine in solvents of varying coordinating ability. The results show
that the nucleation rate decreased, while the growth rate increased in the following order, toluene, piperidine, 3,4-lutidine
and pyridine, leading to a large increase in the final nanoparticle size (from 1.4 nm in toluene to 5.0 nm in pyridine). Using
density functional theory (DFT), complemented by 3!P nuclear magnetic resonance and X-ray absorption spectroscopy, we
calculated the reduction Gibbs free energies of the solvent-dependent dominant pre-reduction complex and the solvent-
nanoparticle binding energy. The results indicate that lower nucleation rates originate from solvent coordination which
stabilizes the pre-reduction complex and increases its reduction free energy. At the same time, DFT calculations suggest that
the solvent coordination affects the effective capping of the surface where stronger binding solvents slow the nanoparticle
growth by lowering the number of active sites (not already bound by trioctylphosphine). The findings represent a promising
advancement towards understanding the microscopic connection between the metal-ligand thermodynamic interactions
and the kinetics of nucleation and growth to control the size of colloidal metal nanoparticles.

significant attention due to their wide variety in terms of steric
effect and binding strength with the metal precursor and

Strategies for predictably controlling the synthesis of colloidal
metal nanoparticles are of extreme importance because their
properties (catalytic, thermal, optical) vary with size, shape, and
composition.1'6  Many studies have focused on controlling the
size and shape of colloidal nanoparticles by changing synthesis
reagents such as the precursors,’10 ligands!1-17 or solvents,18-20
or by changing the synthesis conditions?l 22 such as
precursor/ligand concentrations?3-30 and reaction
temperature.31-33 Among these factors, ligands have gained

a-Department of Chemical Engineering, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24060, United States

b-Department of Chemical Engineering, University of Pittsburgh, Pittsburgh, PA
15261

< Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los
Alamos, NM 87545, United States

4. Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439,
United States

e X-ray Science Division, Argonne National Laboratory, Argonne, IL 60439, United
States

f- Institute for Integrated Catalysis, and Physical and Computational Science
Directorate, Pacific Northwest National Laboratory, P.O. Box 999, Richland,
Washington 99352, United States

* Corresponding authors: gmpourmp @pitt.edu, amkarim@vt.edu

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

nanoparticle surface. It has been demonstrated that the
nanoparticle size and shape can be affected by the ligand typel®
13,16, 34,35 gnd concentration,12. 29, 36 which have been attributed
to differences in the precursor reactivity, or the ligand capping
(strength or density) on the nanoparticle surface. These
differences in sizes and shapes which are largely dependent on
the nature of metal-ligand interactions (binding), give evidences
that ligands play an important role in controlling the nucleation
and growth rates. We have recently shown37-40 that the ligand-
metal interaction could be responsible for the synthesis
mechanism of colloidal metal nanoparticles (e.g. Pd,37- 38 Au,4!
Rh42 and Ir*3) not following the LaMer44 nucleation and growth
model. Specifically, instead of a short burst of nucleation
followed by diffusion controlled growth (temporal separation),
slow nucleation and temporal overlap of growth have been
reported by several groupsl? 37. 38 42, 43 gnd alternative
mechanisms/models have been proposed.37-43.45-48 Depending
on whether the ligand has a higher affinity to the metal
monomers or to the nanoparticle surface, it could either inhibit
the nucleation resulting in fast growth and large sizes of
nanoparticles, or block the surface sites for growth resulting in
a continuous nucleation and smaller sizes.49-51
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Organic solvents have been investigated to vary the size and
shape of colloidal nanoparticles.18-20, 34, 52,53 The large amount
of solvent molecules in the synthetic phase may modify the
ligand binding strength on the nanoparticle surface through Van
der Waals interaction with the ligand carbon chains.20 52 This
steric interaction has been proposed to change the ligand
capping density through different mechanisms, i.e., either
occupying space between the surface ligands,>2 or modifying
the electronic property of the ligand binding functional
group/atom.2° Additionally, solvents can also act as ligands if
they have considerable direct interactions with the metal
complex or the nanoparticle surface. Solvent’s binding to the
metal center can lower the precursor reactivityl® 35> while
binding to the nanoparticle surface can inhibit surface growth
and the ability to bind to both can affect the nucleation and
growth rates.>* Therefore, the solvent can serve as a promising
variable for controlling the size and shape of colloidal metal
nanoparticles. We note that the effects of ligands, solvents, and
other synthesis parameters on kinetics have been mostly shown
indirectly, for example, by correlating known or calculated
trend of metal-ligand/solvent binding energies/affinities with
only the final size of the nanoparticles. However, the final
nanoparticle size is the result of an interplay between
nucleation and growth rates and the solvents and ligands can
affect both. Therefore, without in-situ kinetics measurements
the effects of solvents and ligands on kinetics and size are
difficult to predict.

In this work, we investigated the effect of different solvents, i.e.,
toluene, and nitrogen coordinating (N-coordinating) solvents,
piperidine, 3,4-lutidine and pyridine on the synthesis kinetics of
Pd nanoparticles in the presence of trioctylphosphine (TOP). We
directly correlate the metal-solvent interactions (structure and
reducibility of the pre-reduction complexes, and solvent binding
with the nanoparticle surface) with the nucleation and growth
rates using in-situ small angle X-ray scattering (SAXS), 3P
nuclear magnetic resonance (31P NMR), X-ray absorption fine
structure (XAFS) and density functional theory (DFT)
calculations. In this study, we directly measure the nucleation
and growth rates to determine the effect of solvent properties
on metal-ligand/solvent interactions and kinetics of metal
colloidal nanoparticle synthesis. The results show that the
nucleation and growth rates are correlated with the
stability/reducibility of the TOP-Pd pre-reduction complexes
and binding strength of the solvent/TOP-nanoparticle surface,
respectively. The findings provide a promising route to
systematically identify ligands/solvents to tune the synthesis
kinetics and final nanoparticle size.

Experimental Section

Colloidal Pd Nanoparticle Synthesis and Characterization

The heat-up method8* was used in the colloidal Pd nanoparticle
synthesis. Palladium (Il) acetate (Aldrich 99.9 %) was used after
recrystallization. Trioctylphosphine (Aldrich 97 %) was used
after further purification (distillation) and stored in a nitrogen
(N2) glovebox. The procedures for recrystallization and

2 | J. Name., 2012, 00, 1-3

distillation have been reported in our previous study4é 55,
Anhydrous toluene (Sial 99.8 %), 3,4-lutidine (Aldrich, 98 %),
piperidine (Aldrich, redistilled 99.5 %) and pyridine (EMD
Millipore 99.8 %) were used as solvents. Anhydrous hexanol
(Sial 99 %) was used as the reducing agent. All the solvents and
reducing agents were degassed using nitrogen (99.999% from
liquid N3 boil off) at a flow rate of 10 mL / min for 30 min before
use. 10 mM recrystallized Pd acetate was dissolved in solvent :
hexanol = 1:1 solution, with TOP : Pd = 1 or 2 (molar), and
heated to 100 °C under 300 rpm stirring. All the agents were
mixed in an inert gas glove box with both moisture and oxygen
levels below 1.0 ppm. The syntheses have been repeated
multiple times with 2 mL solution in 7 mL glass vials and 6 mL
solution in 25 mL round bottom glass flask under 0 — 1000 rpm
stirring, and the sizes were similar.

In-situ and Ex-situ Small-angle X-ray Scattering (SAXS) Data
Acquisition and Analysis

The in-situ SAXS experiments were conducted at Argonne
National Laboratory’s Advanced Photon Source at beamline 12-
ID-C. The incident X-ray energy is 18 keV. All the agents were
mixed in the glove box at wet labs in sectors 16 and sector 20
and transferred immediately to the beamline under inert gas
atmosphere. The reaction was conducted in a 25 mL round
bottom flask (with 6 mL solution) with 300 rpm stirring. The
synthesis setup is similar to the one used by Kwon, et al®>, which
minimizes possible reactions triggered by the X-ray beam. A
syringe needle was punched through the capping septum to
avoid pressure build-up from the solvent evaporation during
the synthesis. In each measurement, 300 uL was taken out of 6
mL solution into a quartz capillary for SAXS data acquisition
using a syringe pump, and then returned into the flask. The
pumping process took 7 s, and the fastest time resolution was
set as 8 s. Each SAXS measurement was done when the solution
flowed slowly through the capillary, with 0.1 s exposure time.
The two-dimensional scattering pattern was averaged and
normalized to get the curve of differential scattering cross
section 1(q) to the scattering vector q. The pure mixture of
solvent and reducing agent at 50:50 volume ratio was used as
background. To get the absolute scale intensity so that the
nanoparticle concentration can be obtained, water was used as
a primary standard due to its well-studied differential scattering
cross section®@. The ex-situ SAXS was conducted on N8 Horizon
(Bruker AXS Gmbh, Germany) equipped with Cu (Ka radiation, A
=1.54 A) source, 2-dimensional VANTEC-500 TM detector and
SCATEX TM scatter-free pinholes. The colloidal nanoparticle
solution samples were loaded and measured in a sealed in
quartz capillaries (d = 1.5 mm or 2.0 mm) at room temperature
in vacuum. Water was used as the standard for absolute
calibration.

Data analysis was done using IGOR pro87, Bruker SAXS software
and simSAXSLee package®® on Matlab. The scattering curves
were fitted using Schultz polydisperse spherical nanoparticles
model, based on the assumption of spherical nanoparticle
shape (justified from TEM images, see below), dilute solution
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and homogeneous electron The Schulz-Zimm

distribution function is:

rZ z+ 117 (z+ Dr
f@r) = rz+1) [ra,,g ] exp (_ Tavg ) Q)

where z = (rm,g/cr)2 —1. 154 is the average radius of
nanoparticles; o is the standard deviation and I' is the gamma
function.

If I(q) is in absolute intensity, it is related to both of the size
and number of nanoparticles in the solution:

1@ = N, f £ V2P dr
0

P(@) = [ap 2T o aeostan)) @

P(q) is the form factor of a specific size of particles. For

density.

(6)

spherical particles, at q = 0, P(q) = Ap?. Ny, is the number of
particles, V, is the particle volume (gnr3, and ris the radius), Ap
is the scattering length density difference between palladium
and solvent. At g = 0, a relation can be used to calculate the
number of particles:

1(0) = N,y (V,*)(4p)? (8
From equation (8) the number of particles N,,, and further the
extent of (i.e. conversion of precursor
nanoparticles) can be calculated (see details in Sl).

reaction into

Transmission Electron Microscopy (TEM)

TEM images of synthesized nanoparticles were taken to confirm
the nanoparticle size and shape. Images for the toluene,
piperidine and 3,4-lutidine samples were acquired in scanning
transmission electron microscopy (STEM) mode on FEITITAN 80
— 300, equipped with the CEOS GmbH double-hexapole
aberration corrector. The images were taken in high angle
annular dark field (HAADF) mode. Images for pyridine samples
were taken on JEOL 2100 TEM operated at 200 kV, which is
equipped with a thermionic emission source and possesses a
high-resolution objective pole piece. The resolution can reach
0.1 nm on both microscopes. The reaction solution was diluted
10 times with the respective anhydrous solvent. One drop of the
solution was added on the lacey carbon copper grid and dried
on top of a hotplate set up at 50 °C. The image analysis was
performed with ImagelJ8°. At least 300 nanoparticles were
measured to calculate the number-average diameter and the
polydispersity.

Nuclear Magnetic Resonance

Deuterated solvents, toluene-d8 (Alfa Aesar, 99.6 %) and
pyridine-d5 (Alfa Aesar, 99.5 %) were used for NMR
measurements. All the NMR measurements were taken at room
temperature. The deuterated solvents were degassed with
nitrogen at 10 mL/min before dissolving any agents. For each
sample, 0.6 mL 20 mM freshly made palladium acetate solution
was loaded in NMR tubes in the nitrogen glovebox, and sealed
with rubber septa. All the measurements were taken
immediately after the appropriate amount of ligand was added
and mixed well in the NMR tube. One-dimensional 31P NMR
spectra with proton decoupling were acquired at 25 °C on a

This journal is © The Royal Society of Chemistry 20xx
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Bruker Avance Il 500 MHz system equipped with a 5 mm broad
band prodigy cryo probe. 31P NMR parameters included a total
of 256 transients, 64K data points, spectral width of 59.5 kHz
and a relaxation delay of 5.0 s between the transients.
Apodization corresponding to a line broadening of 1.0 Hz was
applied before Fourier Transformation. Resonances were
assigned based on the chemical shift position of external
standard 85% H3PO, singlet at 0 ppm.

XAFS Data Collection and Analysis

XAFS experiments were performed at beamline BL 2-2 at the
Stanford Synchrotron Radiation Light Source at SLAC National
Accelerator Laboratory. 25 mM and 20 mM Pd acetate were
dissolved in toluene and pyridine in 20 mL capped glass vial in
an inert atmosphere glovebox and transferred to the
synchrotron. The beam size was 200 um vertical by 3 mm
horizontal. The spectra were collected at the Pd K-edge in
transmission mode. Four scans (20 minutes each) were
collected then merged and aligned using a Pd foil spectrum
collected simultaneously for each scan. All the measurements
were taken at room temperature. Both XANES and EXAFS data
processing and analysis were performed using Athena and
Artemis programs of the IFEFFIT data analysis package®0 91,
After the normalization of the absorption coefficient, the
smooth atomic background was subtracted using the AUTOBKG
code Athena to obtain x(k) (where k is the photoelectron
wavenumber). FEFF6 code was used for constructing the
theoretical EXAFS signal for Pd-Pd, Pd-P, Pd-C, and Pd-O
scattering paths. For the scattering paths, structure of Pd
acetate trimer (Pd-O and long Pd-C) was used in toluene, and Pd
acetate monomer with terminal acetate (Pd-O and short Pd-C)
was used in pyridine. The theoretical EXAFS signals fitting was
conducted using Artemis in r-space. The spectra were fitted by
changing the following parameters for the scattering paths of
Pd-Pd, Pd-O, Pd-C: bond length disorder, 02p4.pd, 0%pd-0, O%pd-c;
coordination numbers of the single scattering paths, Npg.pg, Npg-
o, Npa.c; the effective scattering lengths (Rpg.pd, Red-0, Rpd-c); and
the correction to the threshold energy, BEo(BE o for metallic Pd-
Pd was assumed to be the same as other paths in the model to
limit the number of parameters). The best fit of the passive
electron reduction factor (0.83), S¢2, was fixed during the fitting
based on analyzing the Pd foil spectrum. The k-range for Fourier
Transform of the x(k) and the r-range for the fitting were 2.5-
12.5 A1and 1.1-3.1 A, respectively.

Density Functional Theory (DFT) Calculations

DFT calculations were performed to capture the complexation
of Pd species using the BP-86°2 93 functional combined with the
def2-SV(P) basis set%* and the resolution of identities (RI)
approximation?> as implemented in the Turbomole package.?®
To capture dispersion interactions between carbon chains we
used the Grimme D3 dispersion correction.®’” Similar DFT
methods have previously been used to study palladium
complexes and nanoparticles, showing reasonable accuracy.?®
99 Implicit solvation effects (Fig. S17) were accounted for using
the conductor-like screening model (COSMO)1%0 with dielectric

J. Name., 2013, 00, 1-3 | 3



Nanoscale

constants taken, when available, from the Minnesota Solvent
Descriptor Databasel0? or from other192. 103 databases. Different
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Figure 1 Final average nanoparticle size, and initial nucleation and growth rates (at 10
% Pd precursor conversion) measured in the different solvents. The error bars
represent the standard deviation of the size distribution as obtained from the SAXS fits.
error bars of the rates were calculated by propagating the error from the SAXS fits. The
rates in toluene and pyridine were reproduced within 15% difference from two
different in-situ experiments. The dotted lines show the observed size trend but do not
represent a theoretical or empirical fit. Reaction conditions: Pd(OAc), = 10 mM, TOP :
Pd =1 (molar), solv : hexanol =50 : 50, T =100 °C.

initial configurations were tested for each precursor complex
and the lowest-energy fully relaxed structure is reported.
Geometry relaxations were carried out using the quasi-Newton-
Raphson method without any symmetry constraints. Multiple
spin states were tested for each Pd-containing complex and the
lowest-energy electron configuration always corresponded to
the lowest possible spin state of the complex (i.e. singlet or
doublet spin states). Vibrational analysis was performed to
verify the relaxed structures as local minima and structures
exhibiting imaginary frequencies were displaced (along the
imaginary mode) and re-relaxed until no imaginary frequencies
remained. Gibbs free energies were calculated (at 298.15 K)
using the ideal gas rigid rotator harmonic oscillator approach
applied to the vibrational modes for each system®7.104, For each
complex at least two initial configurations were tested and we
report the values and structures of the lowest-energy
configurations. Periodic DFT calculations were performed using
the CP2K package to simulate adsorption on nanoparticle
surface.195 The PBE functionall9® was used with Grimme’s D3
dispersion corrections. DZVP basis sets with the Goedecker,
Teter, and Hutter (GTH) pseudopotentials were used with a
kinetic energy cutoff of 500 Ry. To obtain the bulk unitcell
parameters of Pd, a 2x2x2 supercell of the conventional unitcell
(space group Fm-3m) was fully relaxed. The periodic geometries
were optimized using the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) minimization algorithm with convergence criteria of
4.0x10* En per Bohr and 107 au for force and energy,
respectively. To model the (111) surface facet of Pd, a p5x5
supercell (representing 1.649 nm? of surface area) was created
using the primitive unitcell (of the relaxed unitcell) with four
atomic layers and a vacuum of 12 A was added for the
construction of slab models. For surface calculations, the atoms
of two bottom layers were kept frozen at their bulk positions
and two top layers were allowed to relax. To reduce the

4| J. Name., 2012, 00, 1-3

computational cost of periodic DFT calculations,
triethylphosphine (TEP) was used as a model to represent the
TOP ligand. We note that four TEP molecules sufficiently cover
the full supercell of Pd (111) (Fig. S22) leaving no space for
further ligands to adsorb on the surface. The adsorption binding
energy of ligands (TEP or solvent) at Ny,/4 monolayer
coverage (Fig. 5a) is defined as:

By, = E[N;,@Pd(111)] —NE[Pd(lll)] — NygEug %)

lig

Where E[N;,@Pd(111)] is the energy of N, ligand
molecules adsorbed on the Pd(111) surface, E[Pd(111)] isthe
energy of Pd(111) surface, and Ej;4 is the energy of ligand in the
gas phase. Similarly, the binding energy of solvent at Ny, /4
monolayer coverage with TEP occupying remaining sites (Fig.
5¢) is defined as:

_ EINsoiy+@=Nsow)rep @Pd(111)]=E[(4=Nso1p)TEP @PA(111)] = Nso1v Esolw
BEsulv -

Nsotv (10)

Where E[(Ngop, + (4 — Ngoi)rEp)@Pd (111)] is the energy of
Ngory solvent and (4 — Ngo,) TEP molecules adsorbed on
Pd(111), E[(4 — Ngo1p)7p@Pd(111)] is the energy of (4 —
Ngo1y) TEP molecules adsorbed on Pd(111), and Eg,;,, is the
energy of solvent in the gas phase. Additionally, the combined
binding energy of solvent and TEP on Pd(111) (Fig. 5e) is defined
as:

BEsow

_ ElNsow+(4=Nsow)rep @PA(111)|~E[PA(11)]~ NsotvEsov = (4=Nsow )P ETEP (1 1)
4

Where Ergp is the energy of TEP in the gas phase and other
quantities are as defined previously.

Results and Discussion

Solvent coordination effects on synthesis kinetics using in-situ
SAXS

To provide insights on the effect of the solvents on the synthesis
kinetics and final nanoparticle size, we conducted in-situ SAXS
measurements in all solvents. The first observation is that the
final Pd nanoparticle size increased in the order of toluene <
piperidine < 3,4-lutidine < pyridine for both TOP : Pd = 1 and 2
as shown in Fig. 1 and S1, respectively (see representative SAXS
spectra in Fig. S2 and S3 for TOP : Pd = 1, TEM images and SAXS
spectra in Fig. S4 and Fig. S5 for TOP : Pd = 2 in ESI). We note
that the effect of exposure to the X-ray beam was negligible
since no reaction was triggered under beam exposure (see Fig.
S6), and the final nanoparticle size from in-situ and ex-situ SAXS
measurements was similar (see Fig. S7). The results in Fig. 1
show that the nanoparticle size in toluene (1.4 nm) was much
smaller than in N-coordinating solvents, piperidine (2.7 nm),
3,4-lutidine (3.5 nm) and pyridine (4.8 nm), indicating that the
solvents have a strong effect on the nucleation and growth
rates.

An advantage of the in-situ SAXS measurements is the ability to
capture both the time evolutions of the number of
nanoparticles and the nanoparticle size (Fig. S8), which allows
the extraction of both nucleation and growth rates (Fig. S9, see
details in ESI and previous studies?® 35). We note that based on
our estimation of the rates of reaction and diffusion (see details
in ESI and our previous studies®®), the nanoparticle synthesis
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reactions in our specific system are kinetically controlled rather
than diffusion controlled. To directly identify the effect of

(a) TOP in pyridine-d5

TOP
100 80 60 40 20 0 -20 -40
fl (ppm)
(b) Toluene-d8 and hexanol
TOP : Pd(OACc), = 1
Pd(OAC),(TOP)
A Pd(OAC),(TOP),
Toluene-d8 and hexanol
TOP : Pd(OAc), =2
‘ Pd(OAC),(TOP),
50 40 30 20 10 O -10 -20 -30 -40 -50
f1 (ppm)
(c) Pyridine-d5 and hexanol
TOP : Pd(OAc), = 1
Pd(OAc),(TOP)(py) | Pd(OACc),(TOP),
Pyridine-d5 and hexanol
TOP : Pd(OACc), =2
Pd(OAc),(TOP),

50 40 30 20 10 O -10 -20 -30 -40 -50
Figure 2 Gibbs free energy of different Pd complexes from DFT calculations. Example
pyridine-containing precursor structures are shown as insets. Color code of atoms: Pd —
teal, N - light blue, H - white, O - red, P- magenta, and C - gray. All Pd complex images
are in Fig. S18.

solvents on the synthesis kinetics, it isimportant to compare the
nucleation and growth rates in the kinetic regime at similar
extent of reaction (i.e. low conversion of Pd acetate into
nanoparticles, see Methods for details on how conversion is
calculated) instead of at the same reaction time. At 5% and 10%
extents of reaction (Fig. S10 and Fig. 1, respectively), the
nucleation rate decreases and the growth rate increases in the
following order: toluene, piperidine, 3,4-lutidine and pyridine
which is consistent with the increasing trend of the final
nanoparticle size.

The results in Fig. 1 indicate that in the order of toluene <
piperidine < 3,4-lutidine < pyridine, growth on the existing
nanoparticles becomes more preferred compared with forming
new nuclei. This can be better seen in Fig. S11 where the ratio
of growth-to-nucleation rates increases in the same solvent
order of toluene < piperidine < 3,4-lutidine < pyridine up to 40%
extent of reaction (highest conversion for reliable extraction of
rates, in particular nucleation). The inhibited nucleation, and
enhanced growth (likely autocatalytic as shown previously for
toluene and pyridine®8 35) can be due to solvent-dependent

This journal is © The Royal Society of Chemistry 20xx
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precursor reactivity and/or surface properties of the
nanoparticles (including coverage of TOP and/or solvent). To
determine the possible role(s) of the solvent, we investigated
the interactions of coordinating species (TOP and solvents) with
Pd acetate and Pd nanoparticle surface under different solvent

environments as discussed below.

Pd pre-reduction complexes in different solvents: 31P NMR and
XAFS

To determine the initial Pd-acetate-TOP pre-reduction complex
formed in the different solvents, we characterized Pd acetate in
toluene and pyridine (without hexanol due to the instability of
Pd acetate in hexanol without TOP), and the binding complexes
of Pd(OAc), with TOP in solvent-hexanol mixtures using 31P NMR
and EXAFS. The TOP-Pd acetate binding complexes identified
from the NMR and EXAFS experiments are representative of the
initial pre-reduction precursor present during the synthesis,
since the solutions (for all characterizations and synthesis) were
freshly prepared and used within minutes. Modeling of the
EXAFS spectra of Pd acetate dissolved in pyridine show that Pd
is present, on average, as Pd(OAc):(py)2, while in toluene it is
present as trimers, Pd3(OAc)e (see EXAFS results in Fig. S12 and
Table S1).

31p NMR spectra of Pd(OAc), dissolved in toluene-d8 and
pyridine-d5, each with 1:1 hexanol at TOP : Pd molar ratio of 1
and 2 (Fig. 2), indicate that all the added TOP is bound with
Pd(OAc), or is converted to other species as evidenced by the
absence of a free TOP peak (Fig. 2a). At TOP : Pd molar ratio of
2, the major peaks in toluene-d8-hexanol at 10.4 ppm and
pyridine-d5-hexanol at 10.6 ppm can be assigned to the trans-
Pd(OACc),(TOP), complex as we previously reported for
Pd(OAc), dissolved in in toluene-d8 (peak at 10.3 ppm)>7. The
small shift is due to the different solvents as previously reported
for the divalent trans-Pd(OAc),(PPhs), complex in THF (14.48
ppm)s8 and in DMF (15.08 ppm)>°. At TOP : Pd molar ratio of 1,
the major peak in pyridine-d5-hexanol is at 22.9 ppm while in
toluene-d8-hexanol the major peak remains at 10.4 ppm with a

25+
19 m o — Pyridine
. | Pd(0Ac), — Piperidine
-25 ——3,4-Lutidine
50 y Toluene
= 50
= . ]
S -75 Pd(OAc),(Solv) ”
= ] E &
3-100 - ; xoi&;
Q 4
.ﬁ, 3
15 -125 S 3
[ ] 0
o
\C -150 — Pd(OAc),(Pyridine) Pd(OAc),(Pyridine)(TOP)
a 1 Pd(OAc),(Solv),
3175 - e
O] ]
-200 4 9% LA
205 1 Pd(OAc),(Solv)(TOP)
1 Pd(OAc),(Pyridine).
-250
] Pd(OAc),(TOP),
-275 - +Solv +Solv -Solv,+TOP -Solv,+TOP g

Figure 3 3P NMR spectra of (a) pure TOP in pyridine-d5 and Pd(OAc), with 1 and 2
equivalent moles of TOP in (b) 10 mM Pd(OAc),, toluene-d8 : hexanol =1: 1 and (c) 10
mM Pd(OAc),, pyridine-d5 : hexanol = 1 : 1. The chemical shift of TOP in toluene-d8 is at
-31.5 ppm and in pyridine-d5 is at -30.0 ppm.
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small peak at 23.5 ppm. Moschetta et al.?0 reported that, in the
same solvent, the peak for trans-PdCl;(PPhs)(solv) was at ca. 8-
10 ppm higher (downfield) than the peak for the divalent trans-
PdCl,(PPhs3); (e.g. in  acetonitrile, 31.2 ppm for
PdCl,(PPh3)(MeCN) vs. 23.4 ppm for PdClz(PPhs)z). Similarly, our
31p NMR spectra (Fig. S13) of the binding of TOP with PdCl; in
pyridine-d5 at TOP : Pd ratio of 1 and 2 showed peaks at 29.0
ppm and 11.8 ppm corresponding to trans-PdCl,(TOP)(py) and
trans-PdCl,(TOP),, respectively. Therefore, we assign the peak
at 229 ppm in pyridine-d5-hexanol to the trans-
Pd(OACc),(TOP)(py) complex and the peak at 23.5 ppm in
toluene-d8-hexanol tentatively to Pd(OAc).(TOP)(Tol). Our
EXAFS modeling results of the coordination of Pd(OAc), to TOP
in pyridine and toluene (Fig. S14-S16 and Table S2) are
consistent with the 31P NMR results. In pyridine, Pd was found
to be coordinated, on average, with 1 and 2 TOP molecules at
TOP : Pd molar ratios of 1 and 2 respectively. In toluene, Pd was
coordinated to 2 TOP molecules (on average) at TOP : Pd molar
ratio of 2.

Our 3P NMR results indicate that the major Pd complex in
pyridine changes from trans-Pd(OAc),(TOP)(py) to trans-
Pd(OACc),(TOP), as the TOP : Pd ratio increases from 1 to 2. On
the other hand, the major complex in toluene is trans-
Pd(OACc),(TOP), at both TOP : Pd ratios. The difference in the
relative amounts of the complexes formed in toluene compared
with pyridine is because Pd acetate is present as monomers in
pyridine while it is present mostly as trimers in toluene as
shown by our EXAFS results (see Fig. S12 and Table S1) and
previous work>’. In toluene each Pds3(OAc)e trimer requires 6
TOP molecules per trimer (2 TOP per Pd center) to break into
monomers at room temperature as we previously reported>”?
(see also Tables S1-2). However, dissociation of a TOP ligand
from trans-Pd(OAc),(TOP), is energetically unfavorable57 which
is why trans-Pd(OAc),(TOP), is the major complex in toluene-
hexanol at TOP : Pd ratio = 1. The results indicate that at TOP :
Pd molar ratio of 1, TOP would bind to ca. half the Pd acetate
forming trans-Pd(OAc),(TOP), while the remaining Pd acetate
trimers are not bound to TOP and do not appear as phosphine
bonded complexes in the 3P NMR spectrum. However, we note
that once the temperature increases during the nanoparticle
synthesis experiments, the remaining trimers in toluene would
dissociate into monomers and all the Pd acetate would be
available for TOP binding.

In summary, the NMR and EXAFS results indicate that in
toluene, pyridine and by extension the other solvents, a mixture
of complexes are present in solution and their relative amounts
depend on the thermodynamic equilibrium (dictated by
concentrations and temperature in each solvent). Based on the
EXAFS and NMR results, we anticipate that at the nanoparticles
synthesis conditions, the major pre-reduction Pd complexes
present in solution are Pd(OAc),(TOP)(solv) and Pd(OAc)(TOP),
at TOP : Pd molar ratio of 1 and 2 respectively, while
Pd(OAc),(solv)z is a minority species (solv represents a solvent
molecule).

Solvent effect on speciation and reducibility of Pd complexes using
DFT

The NMR and EXAFS results show that N-coordinating solvents
act as ligands and bind to Pd acetate. The coordination of the
solvents with Pd acetate could modify the reactivity of the
resulting complexes depending on the solvent electron
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donating ability®? and binding stoichiometry.58 62, 63 Such
complexes, which are discrete molecular precursors different
from both the initial reagents and final nanoparticles, can affect
the nanoparticle formation mechanisms®4-66, Therefore, we
performed density functional theory calculations to provide
details on the Pd complexes formed in the different solvents,
their concentrations at equilibrium, as well as reducibility.
Below we list the possible initial binding, solvent-TOP exchange
and reduction reactions, where solv represents the solvent
molecule:

Pd(OAc), + 2solv-> Pd(OAc)z(solv), (1)
Pd(OACc),(solv), + TOP < Pd(OAc),(TOP)(solv) + solv (2)
Pd(OAC),2(TOP)(solv) + TOP <> Pd(OACc),(TOP), + solv (3)

Pd(OAC)>(TOP)(solv) + % (CsH11)CHOH + solv >
Pd(OAC)(TOP)(solv); + HOAC + 5 (CsH11)CHO

(4)

The equations represent: Eq. 1, solvent binding to Pd(OAc); (i.e.
Pd(OAc), dissolving in each solvent); Eq. 2, first TOP ligand
substituting solv in Pd(OAc)2(solv),; Eq.3, second (subsequent)
TOP substituting solv in Pd(OAc),(solv)(TOP); Eq. 4, potential
initial reduction reaction by hexanol of the Pd
Pd(OACc),(solv)(TOP) complexes through acetate dissociation.
First, to investigate the complex stability and speciation, we
calculated the Gibbs free energy for the formation of all the
possible unreduced Pd complexes before the addition of
hexanol (Fig. 3). Compared with Pd(OAc),, the Gibbs free
energies of Pd complexes are in the following order (lowest to
highest free energy): Pd(OAc)2(TOP), < Pd(OAc)(solv)(TOP) <
Pd(OAc),(solv), < Pd(OAc),(solv) < Pd(OAc),. The complex is
readily bound by the solvents (reacts exothermically) except for
toluene (consistent with the stability of Pd acetate trimers in
toluene)>? and the solvents are favorably displaced with the
addition of TOP. Although the Gibbs free energies reported in
Fig. 3 are all calculated from gas phase calculations, we note
that when implicit solvent is included the trends in binding
strength do not change as seen in Fig. S17. Further, a recent
benchmark study on Pd-phosphine complexes found ideal gas
rigid rotator harmonic oscillator approach with solvent effects
yielded accurate free energies of reaction.®” Overall, this shows
our gas-phase free energy calculations should at least trend
with the equivalent solvent-phase reactions.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Mole fraction of different precursor complexes (speciation) existing in different

Nanoscale

solvents based on equilibrium

thermodynamics calculations from DFT at TOP : Pd =1, T = 293.15 K.

Solvent mol % Pd(OAc).(TOP)(solv) mol % Pd(OAc)2(TOP): mol % Pd(OAc)(solv):
Toluene 96.00 2.00 2.00
Pyridine 98.70 0.65 0.65
3,4-Lutidine 99.70 0.15 0.15
Piperidine 47.31 26.35 26.35

The nucleation is dependent on the reduction rate which is
affected by the reducibility of the Pd pre-reduction complexes
in solution. Thus, to estimate the major pre-reduction complex,
we performed DFT calculations on the free energies of solvent
coordination of Eq. 1, as well as equilibrium thermodynamics of
Eq. 2 and 3. From the DFT-based thermodynamic equilibrium
results presented in Table 1 for TOP : Pd =1 (see Table S3 for
equilibrium calculation details and results for TOP : Pd = 2), the
most abundant complex in all solvents is trans-
Pd(OACc),(TOP)(solv) (and cis-Pd(OAc),(TOP) in toluene).
Therefore, our next step was to address the reducibility of the
most abundant complexes by calculating their reduction Gibbs
+2H,,—HOAC
free energies, Pd(OAc),(TOP)(solv) S
Pd(OACc)(TOP)(solv). Our analysis ignores hexoxy formation or
hexanol displacement of ligands, since hexoxy displacement of
acetate and hexanol displacement of ligands were both found
to be endothermic (see Table S4 and Table S5). We used H; as
the reference reducing agent as the exact reduction byproducts
(potential reduction reaction in Eq. 4) are unknown and using
H, as a common reference allows us to calculate consistent
trends in reduction affinity. The results in Fig. 4 show that
without the solvent coordination in toluene, the Gibbs free
energy of Pd(OAc),(TOP) reduction is the most favorable.
addition, as Fig. 4 demonstrates, the binding of more basic N-
coordinating solvents makes the reduction affinity of the
complexes more endothermic (piperidine < 3,4-lutidine <
pyridine). For reactions in the gas phase, liquid phase and
onsurfaces, the activation energies for a series of reactions have
been shown to be linearly correlated to the reaction enthalpies
(or free energies) through Brgnsted-Evans-Polanyi (BEP)
relationship.68-72 Therefore, an increase in the reduction free
energy (more endothermic) is expected to increase the
activation energy of reduction and consequently result in lower
reduction and nucleation rates. Consistent with this argument,
the DFT calculated trend of thermodynamic reducibility
presented in Fig. 4, toluene (lowest reduction free energy,
highest reducibility) > piperidine > 3,4-lutidine > pyridine
(highest reduction free energy, lowest reducibility), appears to
be correlated with the trend in nucleation rates measured
experimentally (Fig. 1 and also shown in Fig. 4). Furthermore,
we observed that the same trends in reduction free energy with
different solvents also hold for the partially-reduced precursors
(i.e. further reduction of Pd(OAc)(TOP)(solv),, Fig. S19). Beyond
the reducibility preference of the predominant precursor
complex in Fig. 4, the weak binding (non-coordination) of
toluene to the precursor complexes likely contributes to faster
(less-inhibited) nucleation rates. Thus, the weak binding of
toluene to the precursor complexes may have a dual impact on

This journal is © The Royal Society of Chemistry 20xx

the nucleation rates of Pd nanoparticles, resulting in the
especially high nucleation rate observed experimentally.

Solvent effect on Pd nanoparticle surface growth

The growth rate is affected by the binding and coverage of
ligands on the nanoparticle surface. As the ligand coverage
increases, the number of available sites for growth becomes
limited, and the growth rate on the nanoparticle would
decrease. The relative coverage of the solvent and TOP on the
surface of nanoparticles is dynamic throughout a nanoparticle
synthesis and depends on several factors including their
respective concentrations and binding energies. Thus, periodic
DFT calculations were conducted to compare binding energies
of the solvent molecules to Pd(111) surface partially covered by
triethylphosphine (TEP, as an approximation of TOP to reduce
computational cost). The Pd(111) facet was selected as it is one
of the most abundant facets in previous calculations’3 (even for

-100F 7 T T T

(@ g Adsorbate only 1(b) Flat Vertical
2 -150fF Ww E
£ 200f 832;’ E i
g L= Tolsene :H J
E) _250 L TEP ‘
S ‘ - - ‘
= = L 1 1 L ; ) L y
©-300G5% 05 075 1
Adsorbate Coverage (ML)
=-100F 7 T T T
(c) § E Solvent 3
g with TEP 3970,
3-120F 3
@
< -130F 3
2 _140F E
2 N e
!% -150 L L L
0.25 0.5 0.75 1
(e) 5-125F T T T ™
E -150E Solvent 3
2 and TEP
&-175F averaged —~ e
2 200F O-OPyridine ]
& -200 003 4-utdine
2205} ) @ il
S y oluene
2
@ -250E— L L L

0.25 0.5 0.75 1
Solvent Coverage (ML)

Figure 5 Binding energy (BE) per mole of solvent and/or TEP with coverage ranging from
0.25 monolayer (ML) to 1 ML. BE is averaged over vertical and flat binding configurations
for pyridine, 3,4-lutidine, and piperidine (toluene only binds flat). (a) BE of solvents and
TEP as a function of coverage on clean Pd(111). (b) Examples of vertical and flat binding
of 3,4-lutidine on clean Pd. (c) BE of solvents as a function of coverage where TEP
occupies remaining sites. (d) Examples of vertical and flat binding of 3,4-lutidine where
TEP occupies remaining sites. (e) Combined BE of solvents and TEP as a function of
solvent coverage, where TEP occupies remaining sites.
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small nanoparticle sizes, 1.8-3.0 nm)74 and experiments’s as
also seen from our high resolution TEM images in Fig. S20.

We calculated the binding energies of all solvents in both
vertical and flat configurations with and without TEP competing
for binding sites as a function of solvent monolayer fraction (Fig.
5,521, S22, S24, S25). Flat binding (Fig. S24) is in general more
exothermic than vertical binding (Fig. S25), though vertical-
bound solvents better protect the nanoparticle surface by
allowing more adsorbates per unit surface area whilst exhibiting
comparable binding energies. However, considering either
vertical or flat configurations in isolation does not capture the
full physical picture. Dynamic fluctuation between both
configurations is possible on the nanoparticle surface. To
account for the collective solvent configurational variation, we
present in Fig. 5a,c the average binding energy of both vertical
and flat configurations at each solvent coverage fraction. The
results in Fig. 5a show that TEP has the most negative binding
energy, indicating the strongest binding affinity and
consequently the tendency toward high surface coverage at
equilibrium, see discussion below. Similarly, if we consider the
combined molar binding energy of all adsorbates (averaged
over TEP and solvent as a function of solvent coverage), we
observe a monotonic increase in binding strength (more
negative binding energy) as TEP replaces solvent on the Pd
surface as shown in Fig. 5e. What is remarkable is that the
configurationally-averaged solvent binding energies when co-
adsorbed with TEP (Fig. 5c,e) follow the same order as the
experimental growth rate: toluene (strongest binding, slowest
growth) > piperidine > 3,4- lutidine > pyridine (weakest binding,
fastest growth) as shown in Fig. 6 (with one exception for the
case of 0.5 ML solvent, 0.5 ML TEP where the order of piperidine
and 3,4-lutidine is reversed). We note in Fig. S23 that overall
similar binding trends between the ligand/solvents on Pd(111)
appear to hold on the surface of a small 13-atom Pd
nanoparticle, which indicates similar ligand-dependent binding
trends may occur on different facets of the Pd nanoparticles
present during growth.

Our results show that in the presence of solvents, despite their
less exothermic binding energy compared with TOP (Fig. 5), the
nanoparticle surface will be covered by both the solvents and
TOP. This is due to the much higher concentration of the
solvents and their less bulky structures compared with TOP
allowing co-adsorption, especially for N-coordinating solvents
through vertical binding. Therefore, regardless of whether the
coverage of TOP on the surface of the nanoparticles is at
equilibrium (high coverage), or if the coverage of TOP is low at
early times and increases with time (as shown from our previous
in-situ EXAFS and kinetic modeling3”- 48 studies and reports by
other groups’6-78), the solvent will act as a second ligand that
helps passivate the surface. Since the solvents bind significantly
weaker than TOP (more labile than TOP) as shown in Fig. 5, S21-
22, the sites occupied by the solvent will be less effectively
passivated and allow adsorption of Pd adatoms and growth of
the nanoparticle (the weaker the binding of the solvent, the less
effective passivation and faster growth). This can be also
explained in terms of adsorption/desorption rates of the
solvents. Assuming a Brgnsted-Evans-Polanyi (BEP) relationship
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Figure 6 Combined binding energies of 0.25 ML TEP with 0.75 ML of toluene, piperidine,
3,4-lutidine, or pyridine on Pd(111) as also shown in Fig. 5e (black bars) and the growth
rates at 10 % Pd conversion (red circles).

between the  solvent binding  energy and its
desorption/adsorption rates at the nanoparticle surface,
weaker binding solvents (e.g. pyridine) would show higher rates
of desorption, which creates open sites at the nanoparticle
surface leading to faster nanoparticle growth. This is consistent
with the increase in the growth rate in the same order as the
decrease in solvent binding energy shown in Fig. 6 (weaker
binding energy, i.e. less negative, of solvent or combined
solvent-TEP results in less effective passivation and faster
growth).

Insights on deconvoluting the effects of solvents on nucleation and
growth rates

The final size of the nanoparticles is controlled by the relative
nucleation and growth rates which are affected by the
precursor reactivity and ligand capping on the nanoparticle
surface, respectively. For example, introducing stronger binding
ligands was used to stabilize the ligated-metal complex and
inhibit the nucleation, leading to larger nanoparticle size.? 12 13,
16 Other studies showed that a stronger capping ligand or higher
ligand to metal ratio lead to smaller nanoparticle size which was
attributed to slower surface growth (e.g. Au,° Pd,25.37.48 pt,79, 80
and quantum dots5!). However, the reported trends were
mostly qualitative and relied on correlations with the final
nanoparticle size. Additionally, since the ligand and/or solvent
can play more than one role®! by binding to both, the metal
precursor and nanoparticle surface, the deconvolution of these
two factors is necessary to understand the effects on nucleation
and growth kinetics. In this study, we used solvents of different
coordinating abilities to investigate the effects on the
reducibility of Pd precursors, ligand capping on the nanoparticle
surface and provide mechanistic details on the synthesis
kinetics of Pd colloidal nanoparticles. We directly correlate the
ligated-metal complex reduction and ligand-surface binding
thermodynamics (free energy of reduction and binding
energies, respectively) calculated using DFT to the nucleation
and growth rates measured using in-situ SAXS. The results show
that solvents (and ligands in general) can be used to tune the
reactivity of the metal-ligand pre-reduction complexes. More
importantly, the reduction free energy of the metal-ligand pre-

This journal is © The Royal Society of Chemistry 20xx
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reduction complex in each solvent was found to correlate with
the measured nucleation rates (Fig. 4). Furthermore, the
solvent is shown to affect the effective capping on the
nanoparticle surface (and possibly the reactivity of surface
atoms) which was reflected in a correlation between the
solvent/ligand surface binding energy and the measured growth
rates (Fig. 6). The results show the importance of understanding
the distinct roles ligands and solvents play in affecting the
nucleation and growth rates during the synthesis of colloidal
nanoparticles. Additionally, the results suggest that general
correlations, i.e. Brgnsted-Evans-Polanyi relationships, likely
exist between thermodynamics of metal-ligand binding and the
kinetics of nucleation and growth. We note that although
microkinetic models have been attempted in other works
studying nanoparticle growth,82. 8 such studies necessarily
require heavy assumptions due to the complex chemical
environment present during growth. Rather than focusing
effort on addressing the complex chemical environment during
growth and get accurate nanoparticle growth kinetics from our
theoretical predictions, here, we identify simple theory-derived
quantities that correlate with the experimental kinetics as a
means of understanding factors dictating nanoparticle
nucleation and growth. Our future efforts will focus on
investigating other ligands and metals to determine if they
follow similar correlation between the metal-ligand
thermodynamic interactions and nucleation and growth rates.
Such correlations would enable the selection of ligands and/or
solvents, a priori, to synthesize nanoparticles with specific sizes.

Conclusions

We investigated the effect of solvent coordinating ability on the
final size of colloidal Pd nanoparticles and provide a direct
correlation between the metal-ligand-solvent interactions and
the synthesis kinetics using in-situ SAXS, XAFS, NMR and DFT
calculations. The nanoparticle size can be tuned from 1.4-5.0
nm with narrow size distribution solely through changing the
solvent coordinating ability (toluene vs. N-coordinating
solvents). Our in-situ kinetic measurements indicate slower
nucleation and faster growth in N-coordinating solvents
compared with toluene. Through 31P NMR characterization and
theoretical calculations of the Pd pre-reduction complexes, we
show that the reduction free energy of the most abundant
complexes increases with the solvent electron donating ability.
The trend in the DFT calculated free energy of reduction is
shown to correlate with the nucleation rates measured
experimentally (increase in reduction free energy corresponds
to lower nucleation rate), which is consistent with a Brgnsted-
Evans-Polanyi relationship. Similarly, the experimental growth
rates are correlated with the solvent-surface binding energies
(weaker binding corresponds to faster growth). Our study
demonstrates the importance of solvents in colloidal synthesis
of nanoparticles and their role in affecting the synthesis
kinetics. The results provide insights on the microscopic
relationship between the metal-ligand-solvent interactions and
nucleation and growth rates and introduces a promising
method for tuning the size of colloidal metal nanoparticles.

This journal is © The Royal Society of Chemistry 20xx
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