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ABSTRACT

Structural details of phosphonic acid functionalized nanomaterials and protic
ionic liquids (PILs) were characterized using nuclear magnetic resonance (NMR)
spectroscopy. It is well known that ligands play a critical role in the synthesis and
properties of nanomaterials. Therefore, elucidating the details of ligand-surface and
ligand-ligand interactions is crucial to understanding nanomaterial systems more
completely.

In an effort to further the understanding of ligand-surface interactions, a
combination of multi-nuclear ('H, *’Si, *'P) and multi-dimensional solid-state NMR
techniques were utilized to characterize the phosphonic acid functionalization of fumed
silica nanoparticles using methyl phosphonic acid (MPA) and phenyl phosphonic acid
(PPA). Quantitative °'P MAS solid-state NMR measurements indicate that ligands favor
a monodentate binding mode. Furthermore, 'H-'H single quantum-double quantum (SQ-
DQ) back-to-back (BABA) 2D NMR spectra of silica functionalized with MPA and PPA
indicate that the MPA and PPA are within 4.2+0.2 A on the surface of the nanomaterial.

The ligand capping of phosphonic acid (PA) functionalized CdSe/ZnS core-shell
quantum dots (QDs) was investigated with a combination of ligand exchange, solution
and solid-state *'P NMR spectroscopy. In order to quantify the ligand populations on the
surface of the QDs, ligand exchange facilitated by PPA resulted in the displacement of
the PAs, and allowed for quantification of the free ligands using *'P liquid state NMR.

In addition to characterizing nanomaterials, the ionicity and transport properties of
a series of diethylmethylamine (DEMA) based protic ionic liquids (PILs) were
characterized, principally utilizing NMR. Gas phase proton affinity was shown to be a
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better predictor for the extent of proton transfer, and in turn the ionicity of the PIL, than
using ApK,. Furthermore, pulsed field gradient (PFG) NMR was used to determine that
the exchangeable proton diffuses with the cation or the anion based on the strength of the

acid used to generate the PILs.
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Chapter 1
Solid-state NMR Characterization of Mixed Phosphonic Acid Ligand Binding and
Organization on Silica Nanoparticles

1.1 Introduction

As the study of nanostructures and their applications continues becoming
prevalent and more complex, the need for a further understanding of the nature of surface
phenomena in multi-ligand systems is apparent. Most studies involving nanostructures
focus on characterizing the inorganic core through the utilization of techniques such as
transmission electron microscopy (TEM) and X-ray diffraction (XRD) methods.
However, an area of continuing focus has been characterizing the details of the organic
ligand environment surrounding these nanostructures.'” Understanding the ligand
interactions is crucial because many of the interesting properties of nanomaterials
originate from surface phenomena. For example, it is well known that the ligand
chemistry at the interface of the nanoparticles influences the size, shape, solubility, and
optical properties.”® In one interesting example, it was shown that in two ligand systems
phase separation is possible. The phase separation of two types of ligands into domains in
self-assembled monolayers (SAMs) on the surface of gold was first observed via
scanning tunneling microscopy (STM) over 20 years ago.”” This phase separation of
ligands was considered to be enthalpically driven by the ligand-ligand hydrogen bonding
and van der Waals’ interactions.® Shortly after that, similarly ordered domains of ligands
in SAMs on the surface of metal nanoparticles were observed, in various patterns and

10-15

arrangements. The formation of striped patterns of ligands on surfaces has been

described as an entropically driven process and has been further examined via
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16-18

simulations. The organization of ligands on the surface of nanoparticles, and

understanding ligand-ligand interactions is imperative to the rational design of multi-
functional nanomaterials with complex ligands and ligand mixtures.

Phosphonic acid ligands have been a focus in a more general sense recently due to

7-9,19-22

their robustness and versatility as a ligand for a range of nanoparticle systems

1,8,23-29 10-15,30-35 36-40

including metal oxides, silica, and semiconductors. The phosphonic
acid moiety is also routinely used to anchor dye molecules to TiO, nanoparticles for solar

41-44

applications. Phosphonic acids have found applications in more complex systems;

such as, functionalizing indium doped tin oxide (ITO) to facilitate more evenly dispersed
polymer coatings for organic electric systems.” Additionally, phosphonic acid head
groups attached to alkyl thiols have been used to tether gold nanoparticles to oxide
surfaces.**® As the functionalization of nanomaterials continues to become more
complex, the need to fully characterize the nature of the ligand environment is imperative
to understanding subsequent chemistry, particularly in more challenging multi-ligand
systems.

Although phosphonic acid binding to silica was demonstrated over 20 years

ago,”*" a complete understanding of silica functionalization with phosphonic acids is

34,35

still lacking. While much effort has been put forth in understanding the details of

1,28,29,48-51

phosphonic acid binding to metal oxides, significantly less work has been done

studying the specifics of phosphonic acid binding to silica. This is likely due to some
reports that phosphonic acids do not readily bind with silica without being treated with a

48,52

layer of some other metal/oxide first. This appears to be true in situations where

aqueous solvent systems are used, implying that phosphonic acid binding to silica is more
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susceptible to hydrolysis than phosphonic acid binding to other oxides.” This difference
can be attributed to the fact that that the silica surface has a lower point of zero charge
(PZC) than most of the other commonly studied oxides.>

Fumed silica nanoparticles are a commercially available nanostructured material
generated by the high temperature hydrolysis of SiClyin a hydrogen/oxygen flame.’* The
resulting material is a branching structure of silica nanoparticles generated by the fusing
of dispersed SiO; particles prior to cooling. This process leads to a very high surface area,
non-porous amorphous material. Fumed silica nanoparticles have been the focus of many

54-56 and

studies about the surface of silica due to the low cost and high surface area,
provide a nice model system to develop advanced solid-state NMR methods for
elucidating ligand binding and ligand-ligand interactions in multi-ligand systems.

Fumed silica nanoparticles can be functionalized with phosphonic acids using a
facile method described here using a non-aqueous solvent system, and is a good model
system for understanding the binding of mixed phosphonic acid ligand systems to the
surface of oxide nanostructures. In the presented work, one and two dimensional
multinuclear, multidimensional solid-state NMR are applied to study the

functionalization of fumed silica with methyl phosphonic acid (MPA) and phenyl

phosphonic acid (PPA).



Figure 1.1. A TEM image of 7nm fumed silica (a). The structure of methyl phosphonic
acid (MPA) and phenyl phosphonic acid (PPA) (b).

1.2 Experimental

Materials. The fumed silica (7 nm), MPA (98%), PPA (98%) and anhydrous
acetonitrile were all purchased from Sigma-Aldrich. The surface area of the obtained
fumed silica is reported to be 395+25 m*/g by the manufacturer. The acetonitrile used
in these experiments was freshly distilled from calcium hydride before each synthesis.
All other materials were used as received.

Functionalization of fumed silica. In a typical functionalization procedure, a 100 mL
round bottom flask was charged with 3 mmoles phosphonic acid in 45 mL of dry
acetonitrile under a blanket of nitrogen. This solution was brought to reflux and
subsequently a 300 mg sample of 7 nm fumed silica that had been dried at 500 °C for 24
hours was added into the flask. This mixture was heated at reflux for 2 hours under a
slight flow of nitrogen, after which time it was allowed to cool to room temperature while
stirring. The resultant solid was separated from solution via centrifugation, and washed 5
times with 25-mL portions of acetonitrile. This solid was then dried under vacuum for 12
hours at 60 °C to remove any excess solvent, and stored in a desiccator or nitrogen glove

box until analysis.



Solid-state NMR. Solid-state NMR data was collected with a 400 MHz Varian VNMRS
wide-bore spectrometer equipped with a 3.2 mm triple resonance probe operating at
399.74 MHz for 'H, 161.81 MHz for *'P and 79.40 MHz for *’Si. The 'H—"'P CP-MAS
NMR spectra were collected using a 2.5 ps 'H 90° degree pulse, a 2.5 ms ramped (~10%)
'H spin-lock pulse and a *'P contact pulse with a radio frequency field (rf) strength of 85
kHz, and 10 kHz MAS. The rf field strength of the 'H channel during the contact time
was matched to the -1 spinning side band of the '"H—>'P Hartmann-Hahn profile (75
kHz). '"H—>'P CP-MAS spectra were collected with a recycle delay of 2 seconds and 8k
scans for functionalized silica samples and with a 30 to 120 second recycle delay and 16
scans for the pure ligands. The 2D 'H—'P heteronuclear correlation (HETCOR) NMR
spectra were collected using similar CP conditions to the CP-MAS spectra, except due to
the faster spinning speed of 20 kHz the 'H spin-lock pulse had an rf strength of 65 kHz.
Furthermore, HETCOR NMR spectra were collected with a 20 kHz sweep width and 64
complex points in the indirect dimension, 512 scans per point, and 20 kHz MAS. The *'P
direct detection (DD-) MAS spectra were collected using a 3.0 ps *'P 90° degree pulse, a
recycle delay of 15 seconds, 1024 scans, and 10 kHz MAS. 'H—->Si CP-MAS NMR
spectra were collected using a 2.5 ps 'H 90° pulse, a 5 ms ramped (~10%) 'H spin-lock
pulse with a *°Si contact pulse with a rf field strength of 62.5 kHz, and 5 kHz MAS. The
rf field strength of the 'H channel during the contact time was matched to the -1 spinning
side band of the "H—*’Si Hartmann-Hahn profile (57.5 kHz.) The 'H—>Si CP-MAS
spectra were typically collected with a recycle delay of 1 second and 32k scans. High
power two-pulse phase modulated®” (TPPM) 'H decoupling (83-100 kHz) was used
during the data acquisition for each of the *>'P and *’Si experiments. The 'H spectra were
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collected using the DEPTH pulse sequence’® to eliminate background signals from
outside the coil, with a recycle delay of 5 seconds and 32 transients. The 2D 'H-'H
dipolar DQ/SQ spectra were collected using the back-to-back (BABA) pulse
sequence,”® with a 2.5 ps 'H 90° pulse, a recycle delay of 2 seconds, a sweep width of
20 kHz and 128 complex points in the indirect dimension, 64 transients, and a MAS
speed of 20 kHz. The 2D EXSY NMR spectra were collected using All *'P chemical
shifts were indirectly referenced to 85% phosphoric acid in the solid state by using
monobasic ammonium phosphate (§=0.80 ppm).®" All *’Si chemical shifts were indirectly
referenced to TMS in the solid state by using tetrakis(trimethylsilyl)silane (TTSS) (8=-
9.70 ppm). All 'H chemical shifts were indirectly referenced to TMS in the solid state
using adamantane (0=1.63 ppm). To minimize the signal from residual adsorbed water,
the samples were dried under vacuum at 60 °C for 12 hours immediately prior to NMR
analysis. The direct phosphorus spectra were deconvoluted using the software package
DMT(it;** see Figure 1.8. The double quantum build-up curves were calculated using the
SIMPSON® software package. A simplified 'H-"H two-spin system was used for the
calculations, which has been shown to be a valid approximation when moderate MAS
speeds are used.”
1.3 Results and discussion

A typical TEM image of the as received 7 nm fumed silica nanoparticles is shown
in Figure 1.1. This image exemplifies the branching structure of the material, which gives
rise to its large surface area. The lack of any lattice structure apparent for the particles is
consistent with their inherent amorphous structure. The structures of the two phosphonic

acids used to functionalize the fumed silica, methyl phosphonic acid (MPA) and phenyl
6



phosphonic acid (PPA), are shown in Figure 1.1(b). One of the key factors that
differentiates these two phosphonic acids is a notable difference in acidity. The aqueous
acid disassociation constant (pK,) for MPA is 2.38,%* and the pKa for PPA is 1.83. The
effect this difference in acidity has on the binding of the phosphonic acids to silica will be

discussed further below.

& : Q
(b) | /\
R | | U
(c) f""\\
i ntescemtem et

-20 -40 -60 -80 -100-120-140-160 -180
*»°Si Chemical Shift (ppm)

Figure 1.2. '"H—”Si CP-MAS spectra for the 7 nm fumed silica starting material dried
for 24 hours at 500 °C (a) and PPA functionalized 7 nm fumed silica (b). The data was
collected with a 5 ms contact time and 5 kHz MAS.

The CP-MAS pulse sequence was used for the collection of *Si NMR because it
avoids the inherently long T, relaxation time of *’Si in the solid state. Furthermore, the
CP pulse sequence will only be sensitive to *’Si sites that are spatially close to silanols,
highlighting the surface of the material.”***% In the *’Si CP-MAS spectrum for the dried
silica starting material, there are 3 spectral features observed centered at approximately -
90 ppm, -100 ppm and -110 ppm, see Figure 1.2. The peak with a chemical shift of

approximately -90 ppm is associated with silicon atoms that have 2 hydroxyl groups
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attached to them, often labeled as Q, or geminal silanols. The peak with a chemical shift
of approximately -100 ppm is associated with silicon atoms with only one hydroxyl
group attached, and are often referred to as Q; silanols and the peak located at

3468 The schematic

approximately -110 ppm is associated with siloxanes referred to as Q.
representations of Q,, Q3, and Q4 are shown in Figure 1.2(a) along with the *’Si CP-MAS
spectrum. Although quantitative information can be difficult to elucidate from data
collected with CP pulse sequences, it is apparent that upon functionalization of the fumed
silica with the phosphonic acid ligand, the peak associated with Q; silicon environment is
severely diminished, leaving only Qj; silanols and Qg sites. This result implies that Q;
silicon atoms sites are preferentially depleted during synthesis via the reaction with the
phosphonic acids. This could mean that the accessibility of the Q, silanols is superior to
that of the Qs silanols. Alternatively, a difference in reactivity of the two types of silanols
could be the explanation. Recent ab initio calculations of deprotonation energies
involving the silica surface, have indicated that Q, silanols are expected to be more acidic
than Qj silanols by approximately 2.5 pK, units.” This difference in acidity would seem
to indicate that the Q, silanols would be less reactive. However, the preferential depletion
of the Q, silanols is observed, which implies that a difference in accessibility of the
silanols is likely the cause. This is consistent with the observation of “internal silanols”

which are inaccessible to solvent in similar S10, based materials.’®"!



(a)

©

(c)

M s,
S0 4

40 30 20 10 0 -0
3P Chemical shift (ppm)

Figure 1.3. '"H—’'P CP-MAS NMR spectra of (a) fumed silica functionalized with a 1:1
ratio of MPA:PPA, (b) MPA (black) and fumed silica functionalized with MPA (red),
and (c) PPA (black) and PPA functionalized 7 nm fumed silica (blue). The spectra were
collected with a contact time of 2.5 ms and a sample spinning speed of 10 kHz.

The *'P CP-MAS NMR results, shown in Figure 1.3, display the ligand capped
fumed silica along with corresponding spectra of the free ligands. For each of the spectra
collected for the ligand-capped silica, there are 3 distinct spectra features, that are all
broadened and shifted upfield (lower ppm) with respect to the native ligand. The lack of
resonances for the pure ligands in these spectra indicates that the functionalized silica
samples have been washed well, and that none of the free ligand remains. An upfield shift

(lower ppm) and broadening of peak width compared to free ligand is consistent with



phosphonic acid ligands bound to oxide surfaces, as seen previously in systems of
silica,’®*> Sn0O,' and Ti0,.”*"! The observation of 3 distinct resonances can be attributed
to the formation of physisorbed, monodentate, and a combination of bidentate and
tridentate ligands. Since each condensation of a phosphonic acid should result in a *'P
chemical shift upfield (lower ppm), the following assignments can be made: the sharpest,
least shifted upfield (lower ppm) of the peaks is associated with the physisorbed ligands,
the central moderately broad peak is associated with monodentate ligands, and the
furthest shifted broadest peak can be attributed to the bidentate/tridentate ligands. The
chemical shifts for the resonances associated with each of the binding modes and
phosphonic acids are summarized in Table 1.1. As the ligand interacts more strongly with
the surface (going from physisorbed to bidentate) the change in chemical shift relative to
the crystalline ligand increases. However, there is a larger change in chemical shift from
the crystalline form for each binding mode for MPA than for PPA. This difference

indicates a stronger interaction with the silica surface in the case of MPA.
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Figure 1.4. '"H—"'P HETCOR NMR spectrum for MPA functionalized SiO,. Collected
with a contact time of 2.5 ms and 20 kHz MAS.

To confirm the chemical shift assignments a '"H—’'P heteronuclear correlation
(HETCOR) 2D NMR spectrum was collected for the MPA functionalized silica, shown
in Figure 1.4. In this spectrum, there is clear resolution of the 3 resonances for
physisorbed, monodentate and bi/tridentate MPA on silica in the *'P dimension.
Furthermore, in the "H dimension there is clear resolution between the methyl protons
and the protons associated with the protonated phosphonic acid (POH). The fact that a
cross peak is observed between the POH and the monodentate, supports the assignments
as shown. The lack of a cross peak between the POH and the bi/tridentate peak supports
the claim that this resonance is associated with fully deprotonated MPA interacting with
the surface. This is in contrast to previous work by our group where it was indicated that
PPA binding to SnO, nanoparticles resulted in only fully deprotonated surface

phosphonic acids." This difference can be attributed to the difference in surface acidity

11



between SiO, and SnO,, resulting in a weaker bond being formed between the PPA and
Si0, than in the SnO, case. A weaker interaction with the surface could result in the
formation of more physisorbed/monodentate type binding modes. To further characterize
MPA and PPA binding to SiO, nanoparticles, a sample containing an equimolar mixture
of both MPA and PPA was synthesized and characterized using >'P CP-MAS (see Figure
3 (a)). The resultant spectrum appears to be a convolution of the spectra for the 2
functionalized silicas that have only one phosphonic acid. In this spectrum it appears that
there is more MPA compared to PPA qualitatively, but in order to carefully quantify the
populations associated with each resonance direct detection magic angle spinning (DD-

MAS) experiments are needed.

Table 1.1. Summary of *'P chemical shift assignments for phosphonic acids binding to
silica. A is the difference between the *'P chemical shift of that site and the shift of the
crystalline phosphonic acid.

Site P Chemical Shift (ppm) A (ppm)
MPA 37.5 0
MPA-SiO; (phys) 32.1 54
MPA-SiO; (monodentate) 21.9 15.6
MPA-Si0, (bi/tridentate) 11.0 26.5
PPA 21.2 0
PPA-SiO; (phys) 18.5 2.7
PPA-SiO; (monodentate) 8.9 12.3
PPA-SiO; (bi/tridentate) -2.0 23.2

The *'P DD-MAS spectra of the phosphonic acid functionalized silicas are shown
in Figure 1.4. The collection of fully relaxed >'P NMR data allows for quantification of
the different resonances in the *'P spectrum (see Figure 1.8). Deconvolution of the
spectra resulted in a ratio of physisorbed to mono-dentate of 42:58 for the MPA-SiO; and

37.5:62.5 for the PPA-SiO,. The deconvolution for the MPA/PPA-SiO, sample shows a

12



ratio of MPA to PPA of 81:19; nearly 4 times more MPA on the surface than PPA. The
increase in the presence of MPA on the surface in the mixed ligand case is consistent
with the stronger interaction with the surface as indicated by the larger chemical shift
differences for the MPA binding modes summarized in Table 1.1. One potential
explanation for the overrepresentation of MPA on the surface of the silica compared to
PPA is a difference in acidity between the phosphonic acids. The aqueous acid
disassociation constant (pK,) for MPA is 2.38,% and the pKa for PPA is 1.83.%° Therefore,

deprotonated MPA would be a stronger base than deprotonated PPA.

(a)

(b)

S0 40 30 20 10 0 -10
*'P Chemical Shift (ppm)
Figure 1.5.°'P MAS NMR for 1:1 MPA:PPA capped fumed silica (a), MPA capped

fumed silica (b), and PPA capped fumed silica (c). These spectra were collected with a
spinning speed of 10kHz, and a recycle delay of 15s.



The 'H spectra of the phosphonic acid capped fumed silica are shown in Figure
1.6. The complex nature of these spectra arise from the many chemical environments
which protons can experience on the silica surface.®® Additionally, the distribution of
observable 'H environments associated with the surface is very sensitive to the drying
conditions of the sample.® Good resolution is observed in the spectra in spite of being
collected at only a moderate MAS speed of 20 kHz. This enhanced resolution is likely
due to the elevated dynamics of the ligands attached to the silica surface partially
averaging some of the homonuclear dipolar coupling. The large peak at approximately 1
ppm in the MPA capped fumed silica spectrum, which does not appear in the PPA capped
fumed silica spectrum, is associated with the methyl group of MPA. The large 2-
component peak that is centered at approximately 7 ppm in the spectrum for PPA
functionalized fumed silica, is associated with the phenyl ring proton environments of the
PPA. The "H NMR spectrum of MPA functionalized fumed silica there is a proton signal
at approximately 8.5 ppm, which is associated with weakly hydrogen bonded POH
groups. This resonance is likely present in all of the spectra, making quantifying the PPA
signal more difficult. A "H 2D homonuclear through space correlation experiment,
exchange spectroscopy (EXSY), for the 1:1 MPA:PPA functionalized fumed silica is
shown in Figure 1.9. This spectrum can be quantified by monitoring the change in
volume of peaks as a function of mixing time.”> However, the convolution of resonances
by complex surface species makes quantifying this data difficult. Qualitatively, the
presence of a cross peak in this spectrum between the methyl protons (~1 ppm) and the
phenyl protons (~7 ppm) indicates that the .the fact that the cross peaks seen contain the

multiple peak features observed in the 'H spectrum of PPA capped fumed silica, it can be
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concluded that there is a magnetization transfer between the PPA and MPA, and that they
spatially near one another (less than or equal to 5 angstroms). The spatial distance
between the methyl and phenyl group in this nanostructure can be further quantified
using the DQ/SQ BABA 2D experiment.

methyl

POH phenyl
(a) b

1412 10 8 6 4 2 2 4
"H Chemical Shift (ppm)

Figure 1.6. 'H-DEPTH NMR spectra of 1:1 mole ratio MPA:PPA capped fumed silica
(black), MPA capped fumed silica (red), and PPA capped fumed silica (blue). These
spectra were collected with a recycle delay of 5 seconds, 32 scans, and 20 kHz MAS.

The 'H-'H single quantum-double quantum (SQ-DQ) back-to-back (BABA) 2D
NMR spectrum for the 1:1 MPA:PPA functionalized fumed silica is shown in Figure
1.7(a). The cross peak located on the diagonal (enclosed by a red box) at approximately 1

ppm in the SQ dimension is associated with an intra-molecular DQ coherence associated

15



with the methyl of the MPA, as shown in Figure 1.7(b). The cross peak located on the
diagonal (enclosed by a green box) at approximately 7 ppm in the SQ dimension is
associated with the intra-molecular DQ coherence associated with the protons on the
phenyl ring. The peak which appears off the diagonal and has a blue box around it, is an
inter-molecular DQ coherence associated with the methyl and phenyl protons. The build
up of this inter-molecular DQ coherence as a function of BABA excitation/reconversion
blocks has a dependence on the average dipolar coupling between two spins.”>"
Experimental and simulation results for the NMR signal intensity as a function of dipole
coupling and DQ buildup time are shown in Figure 1.7(c). The experimental data points
all fall within the range for a spin pair dipole coupling of 1750 + 250 Hz. The dipole
coupling (bis), can be used in the following equation to calculate the distance between 2

spins (I1s):

b _MthIVS
5y

(1)

where y; and ys are the gyromagnetic ratios of the two spins, wo is the vacuum
permeability, and 7 is Plank’s constant.”” Calculation of the distance between this spin
pair using Equation 1 results in an average distance between the methyl and phenyl
protons of this system of 4.2 + 0.2 A. Considering that the ligands are dynamic on the
surface, the dipolar coupling can only be weakened thus the ligands must be less than or

equal to 4.2 A. Such a close proximity indicates a homogenous distribution of ligands on

the surface.
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Figure 1.7. A 'H-'H SQ-DQ NMR spectrum for the MPA:PPA capped fumed silica,
spinning 20kHz (a), a schematic representation of MPA and PPA on the surface of silica
(b), and a DQ coherence buildup curve for the intermolecular DQ resonance. The shown
spectrum was collected with 4 rotor cycles of excitation and reconversion, and the f;=2f,
is shown by the grey diagonal line.
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1.4 Conclusions

The *'P and *’Si NMR results have confirmed that phosphonic acid
functionalization of the fumed silica has taken place. The *Si CP-MAS NMR spectra
have indicated that geminal silanols are consumed in the functionalization process, and
that some (Q3) silanols remain after the functionalization. The *'P NMR spectra of the
phosphonic acid functionalized silica showed 3 distinct ligand environments, which have
been assigned to physisorbed, monodentate, and bi/tridentate. A larger change in
chemical shift associated with binding to silica was observed for MPA than for PPA,
indicating MPA interacts with the surface more strongly. Furthermore, quantitative >'P
NMR results showed that when silica is functionalized with an equimolar ratio of MPA
and PPA, a larger population of MPA is observed on the surface. The good resolution
observed in the 'H NMR spectra imply that the ligands are dynamic on the surface.
Finally, '"H DQ/SQ BABA NMR build-up curves were used to determine that the average
distance between the two ligands on the surface is 4.2 = 0.2 A. These results indicate the
MPA and PPA ligands are spatially close to one another, such that the ligands are likely
homogenously distributed on the silica surface. Solid-state NMR is a powerful approach

to characterize ligand binding and organization in multi-ligand systems.
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1.5 Supplementary Material

The figures below are provided as supplementary figures to Chapter 1.

60 50 40 30 20 10 0 -10 -20
3P Chemical Shift (ppm)

Figure 1.8 >'P MAS NMR spectrum of SiO, functionalized with equimolar MPA:PPA
deconvoluted using DMFit, original spectrum shown in Figure 1.4 a.
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Figure 1.9 '"H EXSY NMR spectrum collected on 1:1 mole ratio MPA:PPA capped
fumed silica, collected with a spinning speed of 20kHz and a mixing time of 10ms.
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phenyl methyl

14 12 10 8 6 4 2 0 -2
'H Chemical Shift (ppm)

Figure 1.10 "H-"H BABA-DQ spectra of (a)1:1 mole ratio MPA:PPA capped fumed
silica (black), (b) MPA capped fumed silica (red), and PPA capped fumed silica (blue).
These spectra were collected with 20 kHz MAS.
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50 40 30 20 10 O
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Figure 1.11 '"H—’'P HETCOR NMR spectrum for the 1:1 MPA:PPA functionalized
Si0,. Spectrum was collected with a contact time of 2.5 ms and a MAS rate of 20 kHz.
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Chapter 2
Characterizing mixed phosphonic acid ligand capping on CdSe/ZnS quantum dots
using ligand exchange and NMR spectroscopy
2.1 Introduction

The synthesis and characterization of highly luminescent core-shell quantum dot
(QD) systems have been a major focus of study in the past several years' due to their
excellent stability and photoluminescent properties.”® Advances in robustness and
functionality have been attributed to more efficient passivation of the photoactive core
via the additional inorganic shell of semiconductor,” rather than passivation by organic
ligands alone. The CdSe/ZnS system has been of particular interest in this area, due to a
band gap allowing for tunable optical properties spanning the visible light range,' high
quantum yields,* and a relatively well understood synthesis.”'?

Understanding the details of the ligand structure at the surface of QDs is
imperative for the reproducible production of high quality QDs. Ligand effects are vital
for size and shape control during the synthesis of QDs.'"'* Additionally, ligand effects
have been shown to affect the structure of the of the nanomaterial at the ligand

15,16

interface, as well as the resulting quantum yield of the nanoparticles.'”'® Alkyl

phosphonic acids (PAs) are routinely used as organic passivating ligands for

2122 strong binding,” and stability.** The

nanomaterials,”*° due to their multidentate
utilization of PAs for functionalization of QDs has been popularized by the identification

of their role as the ligands involved in the surface chemistry of QDs prepared in technical

grade tri-N-octylphosphine oxide (TOPO).'*!?->2¢
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Nuclear magnetic resonance (NMR) spectroscopy is a versatile tool for studying the
structure of functionalized nanomaterials, and can be used to effectively identify ligands
in a QD system and characterize the ligand environment.*"*” The use of *'P NMR allows
for the facile identify phosphorus-containing ligands and other species,'>*>** and has the
potential to reveal information about the bonding environment of the ligand.”* When
phosphorus-containing ligands such as PAs are bound to the surface of QDs, they
typically show significant heterogeneously broadened resonances in °'P NMR.*"*
Furthermore, there is usually a significant change in the *'P chemical shift compared to
the free ligand in solution.*® The combination of broadening and change in chemical shift
of the surface bound ligands compared to the free ligands allows for facile simultaneous
identification and quantification of ligands in different environments. Solid-state NMR is
a tool which has been used considerably in the literature for the characterization of CdSe

283132 and can be utilized to give detailed information about inter-nuclear

QD systems,
distances and chemical environments.”

Ligand exchange is often used to replace the hydrophobic ligands of CdSe/ZnS
QDs, with hydrophilic ligands to render the QDs water-soluble,”*° but ligand exchange
also has the potential to offer qualitative and quantitative information about the ligand
populations on the surface of quantum dots. Ligand exchange, in conjunction with *'P
NMR, has been used to identify phosphonic acids displaced from the surface of QDs
using a variety of strategies. An array of different Trimethylsilyl type ligands have been
used to liberate ligands from QD surfaces for subsequent analysis.”’” Phosphonic acid

ligands have also previously been displaced from the surface of CdSe QDs,*® using a

large excess of propionate.*® There has also been a comparative study of ligand exchange
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using oleic acid and alkyl phosphonic acids to displace each other, which has shown that
alkyl phosphonic acids bind preferentially to the surface of CdSe QDs.*

Here we present a method for quantifying phosphorus-containing ligands on the
surface of CdSe/ZnS QDs via a ligand exchange reaction and subsequent *'P NMR
analysis. We use phenyl phosphonic acid (PPA) to displace the alkyl phosphonic acids,
ethyl phosphonic acid (EPA) and tetradecyl phosphonic acid (TDPA) from the surface of
the QDs. The extent of ligand exchange is then confirmed by washing away the excess

free ligand and observing the populations of surface-bound ligands using solid and liquid

state >'P NMR.

70 -

Count

5 7 9 11 13 15 17 19
Size (nm)

Figure 2.1 TEM images of the CdSe/ZnS QDs, and a histogram showing the size
dispersity of the NPs, measured along the long axis of the particles. (n=210 particles.)

2.2 Experimental
Materials. The core-shell CdSe/ZnS QDs used in this study were provided by the Life

Technologies Corporation and were generated according to standard synthetic methods.*
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Fully deuterated chloroform (D, 99.8%) and methanol (D, 99.8%) were obtained from
Cambridge isotopes laboratories and the phenyl phosphonic acid (98%) used in this work
was obtained from Sigma-Aldrich. All materials were used as received without any
further purification.

TEM. High-resolution transmission electron microscopy (HR-TEM), used to image the
size and structure of the quantum dot samples, was carried out using a Phillips CM-200
TEM fitted with a Schottky field emission gun and a Gatan CCD camera, operating at an
accelerating voltage of 200 kV, with a point to point resolution of 2.5 A. Samples for
analysis by TEM were prepared by sonicating the solid QD sample into suspension in
hexanes and placing a drop of that solution onto a lacey carbon film with copper grid
support. After allowing the grid to incubate for a few minutes the excess suspension was
removed and the grid was allowed to air-dry prior to analysis via TEM. Images were
acquired and processed using the software Gatan - Digital Micrograph.

NMR analysis of Quantum Dot samples. The liquid-state >'P NMR spectra were
collected utilizing a 400 MHz Bruker Avance III spectrometer equipped with a 5 mm
double resonance broadband probe configured for 'H->'P operation. The spectra were all

collected with a >'P 7t/2 pulse length of 10.0 ps, a 10 s recycle delay, and WALTZ proton
decoupling during acquisition.*' Chemical shifts were referenced to phosphoric acid (§=0
ppm).

Solid-state NMR spectra were collected on a 400 MHz wide-bore Varian
VNMRS spectrometer equipped with a Varian 4 mm triple resonance probe configured
for 'H - *'P operation. '"H—*'P cross polarization magic angle spinning (CP-MAS)

spectra were collected with a MAS speed of 10 kHz, a recycle delay of 5 seconds and 83
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kHz two pulse phase modulated* (TPPM) proton decoupling with a phase shift of 6.5°
during acquisition. The 'H /2 pulse used in the sequence was 3.0 s, and the CP utilized
a 2.5 ms ramped (~15 %) 'H spin-lock pulse (62kHz) matched to the -1 spinning
sideband of the Hartman-Hahn matching profile with a 72 kHz *'P square contact pulse.
P direct detection magic angle spinning (DD-MAS) spectra were collected with a *'P
7/2 pulse of 3.5 us, a MAS speed of 10 kHz, a recycle delay of 60 s, and 62.5 kHz TPPM
proton decoupling during acquisition. Chemical shifts were indirectly referenced to
phosphoric acid (=0 ppm) using the solid sample ammonium phosphate (NH4H,POs,
0=0.8 ppm).

Ligand exchange procedure. In a 5 mL tube, 10.50 mg of a QD sample was dissolved in
700 uL of a 3:1 (vol/vol) mixture of deuterated chloroform and deuterated methanol
(CDClI35:MeOD). Subsequently, a 100 uL aliquot of a stock solution of PPA, which had
been generated by adding 7.50 mg to 750 uL of CDCl; and 250 uL of MeOD, was added
(resulting in the addition of approximately 0.75 mg of PPA). This solution was mixed
using a pipette and placed into a 5 mm NMR tube for liquid state NMR analysis. To
remove the excess free ligand, the solution was pipetted from the NMR tube into a 2 mL
Eppendorf tube, and the solid was precipitated via the addition of approximately 1 mL of
methanol. This sample was centrifuged and the supernatant discarded. The solid sample
was washed with approximately 1 mL of methanol, and dried under a flow of nitrogen
gas. In order to prepare larger sample sizes needed for solid state NMR, a 50 mL
centrifuge tube was charged with 5.00 mL of a 3:1 (v/v) mixture of CHCl3:MeOH,
approximately 50 mg of QD sample, and 3.57 mg of PPA (for an approximate molar

ratio of PPA:TDPA+EPA of 1:1). This mixture was shaken for approximately 5 minutes
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and the solid QDs were precipitated via the addition of 10 mL of methanol and separated
from the solution via centrifugation. These samples were further washed with
approximately 5 mL of methanol, and dried under a flow of nitrogen gas prior to analysis.
2.3 Results and discussion

TEM images were obtained for the QDs in order to determine size, dispersity, and
morphology. Representative TEM image shown in Figure 2.1 displays the common
triangular shape and aspect ratio of the QDs. The size of the QDs was found to be 12.7+/-
1.4 nm (n=210 particles) along the long axis of the particles. The TEM results show that
the QDs used in this study are relatively monodisperse and highly crystalline, as seen
from the lattice fringes in the images.

Stacked *'P CP-MAS NMR spectra of the QDs functionalized with varying ratios
of TDPA and EPA are shown in Figure 2.2, along with lines at the chemical shifts of the
pure ligands. Resonances for the surface bound ligands are broadened and upfield for the
ligands bound to the QDs compared to that of the native ligands. Resonances for the
bound TDPA and bound EPA are convoluted, inhibiting direct quantification from solid-

state NMR.
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Figure 2.2 *'P CP-MAS solid-state NMR of CdSe/ZnS quantum dot samples capped with
different ratios of phosphonic acid capping ligands. The lines represent the chemical
shifts of the pure ligands. The MAS speed for these spectra was 10 kHz.
The upfield shift and broadening of resonances associated with phosphonic acid
ligands bound to the surface of nanoparticles is consistent with previous solid state NMR

. 21,28,43
studies.” ™

The broadening of the resonances for the bound ligands is likely due to a
heterogeneous distribution of chemical shifts, which has been observed in a previous
study of phosphonic acids binding to metal oxides.”' There is a notable shift in the peak
maximum between the spectrum for 100% EPA functionalized QDs (30.0 ppm) and the
spectrum for 100% TDPA functionalized QDs (25.1 ppm). However, the peak maximum
does not scale linearly with phosphonic acid composition as shown by the peak

maximums for the spectra of 25:75 EPA-TDPA (27.2 ppm) and 10:90 EPA-TDPA (28.1

ppm). This could be due to the chemical shift of the peak maximum depending partially
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on factors other than ligand composition; such as a distribution of mono-, bi- and tri

dentate binding modes.*'***

100% EPA

75% TDPA
25% EPA L

90% TDPA

10% EPA | L

100% TDPA JL
" 32 33 32 31 30 29 28
P Chemical Shift (ppm)

Figure 2.3 Ligand exchange *'P{'H} liquid state NMR of CdSe/ZnS quantum dots with
approximately a 1:1 ratio of ligands on the surface to PPA dissolved in a mixture of 3:1
CDCl;3:MeOD.

Liquid *'P NMR spectra were collected for the PA functionalized QDs after
ligand exchange with PPA, see Figure 2.3. For each of the ligand exchange spectra the
downfield peak at 31.4 ppm has been assigned to free EPA, and the upfield peak at 30.5

ppm has been assigned to free TDPA; the resonance for free PPA is not shown.
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Table 2.1 Comparison of the ratios of the phosphonic acid ligands used to stabilize the
QDs during synthesis and the ratio of the 2 ligands observed via ligand exchange and
subsequent *'P NMR.

EPA:TDPA as EPA:TDPA
synthesized Observed
0:100 0:100
10:90 16:84
25:75 31:69
100:0 100:0

Integration of the fully relaxed *'P resonances allows for the determination of the
ratio of displaced EPA to TDPA in each of these samples. A summary of the integrated
areas of the resonances is shown in Table 2.1. The ratio of the observed displaced ligands
is closely related to the ratio of the ligands used during the synthesis of these QDs (within
6%). The fact that the ligands are displaced in a similar ratio implies that the phosphonic
acids used in this study have a comparable binding affinity for the surface of the QDs.
This method allows for the facile quantification of the ligands on the surface of the QDs.

Washing the QD samples after the ligand exchange reactions allows for the
removal of free ligand from the solution. The collection of liquid-state >'P NMR spectra
with a large number of scans (4k or more in this case) facilitates the observation of the
broad resonances associated with PAs bound to the surface of the quantum dots, as
shown in Figure 2.4. The two broad resonances centered at 17 ppm and 30 ppm have
been assigned to PPA bound to the surface and the convolution of TDPA and EPA bound

to the surface respectively.
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Figure 2.4 *'P{'H} liquid-state NMR of CdSe/ZnS quantum dots with various ratios of
ligands on the surface dissolved in a mixture of 3:1 CDCl3:MeQOD, after ligand exchange

the samples were precipitated with methanol and washed with methanol to remove excess
free ligand and redissolved in 3:1 CDCl3:MeOD.

The fact that the resonances in these spectra are broad and remain after washing is
consistent with the claim that they are associated with ligands bound to the surface of the
QDs. These data imply that the ratio of PPA to TDPA+EPA on the surface of the
quantum dots can be controlled using this ligand exchange technique and that the ratio of
PPA to TDPA+EPA used in ligand exchange is similar to the ratio of ligands on the
surface, even after washing away the excess ligand. The presence of both PPA and
TDPA+EPA in this spectrum indicates that the PPA has a similar binding affinity to the
surface as the alkyl phosphonic acids due to its inability to completely displace them at
similar ligand concentrations. This is in contrast to some previous studies in which
incoming ligands of a higher binding affinity, such as bis(trimethysilyl)-selenide, were

used to displace all of the phosphonic acid ligands.**"’
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Figure 2.5 °'P solid-state DD-MAS NMR spectra for dried PA functionalized QDs
before and after ligand exchange reactions using approximate molar ratios of ligand on
the surface to PPA of 1:1, 1:10, and 1:100. Lines are shown at the chemical shifts for the
ligands TOPO, EPA, TDPA and PPA obtained from 'H - *'P CPMAS spectra. The MAS
speed for these spectra was 10 kHz.

Precipitation of the QDs from the solution after washing away the excess ligand
from the ligand exchange allows for solid-state *'P MAS-NMR analysis, as shown in
Figure 2.5. A summary of the areas associated with each of the resonances in the spectra
is shown in Table 2.2. The resulting fully relaxed *'P spectra indicate that following
ligand exchange with PPA, a slight excess of alkyl PAs is observed. This is likely due to
the fact that PPA is a weaker base than the alkyl PAs,** leading to a slightly lower

binding affinity.
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Table 2.2 Ratios of the ligands used during the ligand exchange reactions and the ratios
observed on the surface of the QDs using solid-state NMR and liquid-state NMR.

PPA:TDPA+EPA during PPA:TDPA+EPA PPA:TDPA+EPA
exchange ssNMR NMR
90:10 85:15 89:11
50:50 33:67 46:54

The results from the *'P solid-state NMR spectra are in good agreement with
those obtained using *'P liquid-state NMR on the QDs in solution shown in Figure 2.5. A
summary of the comparison of the ratios detected between the two methods is shown in
Table 2.2. These results indicate that liquid-state NMR can be used to directly quantify
ligand populations on the surface of the QDs, when sufficient resolution between the
broad resonances of surface bound ligands is observed.
2.4 Conclusions

Ligand exchange reactions utilizing PPA to displace alkyl phosphonic acid
ligands from QDs for subsequent >'P NMR analysis have shown to be an effective and
facile method for quantifying the populations of ligands on the surface of QDs. This
method is optimal for use in systems utilizing multiple phosphorus containing ligands.
Further, this method will only be effective in systems where the binding affinity of PPA
is sufficient to displace the native ligands. In the present study it was found that the ratio
of EPA to TDPA observed using this method closely correlated to the ratio of ligands
used in the synthesis of the QDs. The ligands on the surface of the QDs which remain
after washing away the free ligand, can be observed using liquid and solid state >'P NMR,
allowing for direct quantification of ligand populations from these spectra if there is

sufficient resolution between the broad resonances. After ligand exchange with PPA, the

39



observed underrepresentation of PPA on the surface of the QDs indicates that PPA has a

slightly lower binding affinity for the QDs than the alkyl phosphonic acids.
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Chapter 3
NMR characterization of ionicity and transport properties for a series of
diethylmethylamine based protic ionic liquids
3.1 Introduction
Ionic liquids (IL) have been the subject of considerable interest due to
their diverse applications, particularly as solvents and electrolytes for fuel cell and battery
materials."” These compounds exhibit unique combinations of properties such as thermal
stability well beyond 100 °C, low vapor pressures, high ionic conductivity, and non-
flammability, making them ideal for use in fuel cell and battery applications where
chemical stability and safety is necessary.'*"
Ionic liquids are typically grouped into two classes: protic and aprotic. Protic
Ionic Liquids (PIL) are the subset which function through proton transfer from Brensted
acid-base chemistry while inheriting many of the properties of the aprotic class. The
proton transfer reaction creates an equilibrium between molecular species, ion pairs, and
dissociated ions where incomplete proton transfer leads to neutral species and ion pair
aggregates, making it difficult to quantify and define the ionicity of a PIL.">"” The degree
of proton transfer has been estimated using aqueous pKa values of acids and bases, and
provides an adequate prediction in systems with large ApKa."" However, solvents can
play a significant role in proton exchange, as shown by the large differences in pKa
values of acids in various media, thus raising concerns about the validity of using
aqueous pKa values for pure PIL systems.'*'" In this paper, we discuss the concept of

using proton affinities in place of pKa to estimate the proton transfer behavior of a PIL

based on its constituents.
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Although a standard method for determining ionicity is not established, the
performance of most PIL have been assessed using a Walden plot when conductivity and
viscosity are known.'"'®"" Vibrational spectroscopy and thermal techniques offer
qualitative insight into the formation of ionic species, intermolecular interactions, and
transport characteristics of PIL and its constituents, which can be used to gauge the
degree of proton transfer.”*" In contrast, NMR spectroscopy has proven to be
particularly useful for its quantitative ability to probe proton environments, providing
measurements of chemical shifts and J-coupling to determine the degree of proton
transfer.'>'*** Perhaps more useful is the ability to directly measure the transport behavior
of individual ionic species by NMR, where diffusion coefficients can be obtained from
various experiments utilizing magnetic field gradients and spin echo pulse sequences.
Recent studies on PIL have taken advantage of these experiments to measure the
diffusion coefficients of ionic species in PIL and calculate conductivities via the Nernst-
Einstein equation, providing another quantitative method for determining ionicity.'**

In the present work, 'H and "N NMR is used to probe the behavior and ionicity
of several DEMA based PIL and compare the results to conductivity based
measurements. DEMA based PILs have been studied extensively with various acids
(anions) for their ability to form low melting point compounds while showing promise as
anhydrous proton conducting materials above 100 °C."*** Acids of varying strength
have been chosen to illustrate a range of proton transfer conditions which can be probed
experimentally with NMR. These measurements correlate well with calculated proton
affinities, providing a useful technique for predicting the proton transfer characteristics of
a PIL.
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3.2 Experimental

Materials. N,N-Diethylmethylamine (DEMA, 97%), acetic anhydride (AcA, >99%),
trifluoroacetic acid (TFA, 99%), trifluoroacetic anhydride (TFAA, >99%),
tetrafluoroboric acid (HBF4, 48%), and perchloric acid (HClO4, 70%) were obtained from
Fisher scientific (USA). Calcium hydride (CaH,, 95%), methanesulfonic acid (MS,
>99.5%), acetic acid (HAc, 97%), nitric acid (HNOs, 70%), and sulfuric acid (H,SOs,
99%) were obtained from Sigma-Aldrich (USA). Triflic acid (HOtf, >98%) was obtained
from Alfa Aesar (USA). Bis(trifluoromethane)sulfonimide (HTFSI, >95%) was obtained
from Synquest Laboratories (USA). Diethylmethylamine (DEMA) was dried via
distillation from CaH; prior to use. The resulting dried amine was determined to have less
than 40 ppm water, measured by Karl-Fischer titration. The acetic acid was dried by
mixing with the appropriate amount of acetic anhydride to render it anhydrous. The same
method was used to dry the trifluoroacetic acid using trifluoroacetic anhydride. All other
materials were used as received.

Ionic liquid synthesis. lonic liquids were synthesized by drop wise addition of each acid
to form a 1:1 mole ratio mixture with the base. To limit exposure to water, the reactions
were carried out under a nitrogen atmosphere. In an effort to prevent decomposition of
any of the materials during the course of the exothermic proton transfer reactions, each
synthesis was placed in a dry ice in acetone bath. A typical synthesis was carried out
using the following procedure: approximately 5 g of dried DEMA (57.4 mmole) was
added to a round bottom flask under a nitrogen atmosphere. A pressure equalizing
addition funnel was filled with 57.4 mmole of the appropriate acid and fitted to the

round-bottomed flask containing the base. The flask was submerged in a bath of dry ice
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and acetone and a magnetic stir plate. The acid was then added drop-wise to the base,
typically resulting in a white/amber solid, which melted upon re-heating to room
temperature. lonic liquids synthesized with weaker acids (acetic acid and trifluoroacetic
acid) were transferred directly to a nitrogen atmosphere glove box. Ionic liquids
synthesized with stronger acids were dried in a vacuum oven at 60-80 °C for
approximately 2 days with a container of P,Os. Upon completion of the drying process,
the ionic liquids were transferred to a nitrogen atmosphere glove box. DEMA-TFSI was
synthesized with the same procedure except that the solid HTFSI was placed in the round
bottom flask and DEMA was added drop wise to the acid.

NMR spectroscopy. All NMR studies were carried out on samples that were flame
sealed in 5 mm NMR tubes to prevent air exposure. 'H NMR spectra were collected
using a 400 MHz Varian VNMRS spectrometer equipped with a Varian Smm double
resonance 'H-X broad band probe. Data were collected using a recycle delay of 5-10
seconds, 8 scans and a 45° 'H pulse with a duration of 5.30 us. The frequency of the
spectrometer was not locked during data acquisition due to the lack of a deuterated
solvent. The magnetic field was shimmed manually for each sample to minimize
magnetic field inhomogeneities. 'H spectra were collected at 25 °C for all PILs except
DEMA-NO; and DEMA-BF,4, which are solids at room temperature. '"H NMR spectra for
these PILs were collected at 50 °C; 'H chemical shifts for all PILs were found to have a
negligible dependence on temperature in this range. All 'H chemical shifts were
externally referenced to the TMS peak of a mixture of 1% TMS in CDClIs shortly before
the spectra were collected. "N NMR spectra of the ionic liquids were collected using a

400 MHz Varian VNMRS spectrometer equipped with a Varian 5 mm double resonance
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'H — X broad band probe operating at a 40.499 MHz resonant frequency. "N spectra
were collected without 'H decoupling to allow observation of Jyu coupling when present.
Data were collected using a recycle delay of 2 seconds and averaging 256-1024 transients.
All N chemical shifts were indirectly referenced to methyl nitrite by setting the
resonance for benzamide to -277.8 ppm shortly before the spectra were collected.
Diffusion coefficients were measured using a pulsed field gradient stimulated
echo (PFG-STE) pulse sequence with bipolar gradient pulses.”® Data were collected
utilizing 800 MHz Varian VNMRS spectrometer equipped with a 5 mm Doty PFG probe
operating at proton resonant frequency of 799.85 MHz, and a "°F resonant frequency of
752.5. Proton Spectra were collected with a recycle delay of 5 seconds, 16 transients, a
90° pulse with a duration of 16.5-18.0 us, 20-40 ms diffusion delay (A), 0.5 ms gradient
length (d), and a maximum gradient strength (g) of approximately 1200 G/cm depending
on the diffusivity of the ionic liquid. For the PILs synthesized with fluorinated acids,
(TFA and Otf) "°F PFG-NMR was used to measure the diffusivity of the anions. The '°F
spectra were collected with a recycle delay of 3 seconds, 16 transients, a 90° pulse with a
duration of 19.5 us, 25 ms diffusion delay (A), 0.5 ms gradient length (0), and a
maximum gradient strength (g) of approximately 1000 G/cm depending on the diffusivity
of the ionic liquid. During each measurement the temperature was regulated at 25 C.
Electronic structure calculations. In an attempt to quantify the strength of the acids
used in this study, gas phase electronic structure calculations were used to obtain proton
affinities. Proton affinity for each acid was calculated using the density functional theory
(DFT) B3LYP functional with the 6-31G (d) basis set in Gaussian09.*” The structures of

the acid, its conjugate base and a bare proton were geometry optimized prior to executing
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thermochemistry calculations. A comparison of the proton affinities obtained from ab
initio calculations to available literature values is shown in Figure 3.7. The results
obtained via electronic structure calculations are all within +6 kcal/mol of literature
values.
Conductivity measurements. Ionic conductivities were determined from complex
impedance data from a PAR VMP2 potentiostat (Princeton Applied Research) with a
frequency range of 10 Hz tol MHz. The dip-type conductivity cells for liquid electrolytes
were constructed with platinum electrodes sealed in soft glass. Cell constants of about 1
cm™ were determined using a standard 0.01 M KCI solution. Approximately 1 mL of
solution was used to perform each measurement. Conductivities were measured from 25
°C to 105 °C with 10 °C steps. Temperatures were controlled using Yamato Scientific
DKN-402 programmable oven. Viscosity for each PIL was determined using a
Brookfield DV-E viscometer. Densities were measured using a 1.5 mL volumetric flask
and a scale.
3.3 Results and discussion

'H NMR is a valuable tool in the study of PILs due to its ability to investigate the
properties of the transferred proton. A subset of the 'H NMR spectra collected for these
DEMA PILs is shown in Figure 3.1. The resonances below 4 ppm labeled with “B;-Bs”
are associated with the diethylmethylamine base (cation). The peaks denoted with “A”
are resonances associated with the acid (anion). The peaks labeled with “E” are
resonances associated with the exchangeable proton for each ionic liquid and have
chemical shifts ranging from approximately 6 to 14 ppm. The exchangeable proton is the

hydrogen atom which has been transferred from the Brensted acid to the base. The
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general trend observed in this series of spectra is that as the strength of the acid increases,
the chemical shift of the exchangeable proton is shifted upfield (to lower ppm values).
The shift of the exchangeable proton has information about how strongly the proton is
associated with the base. There is a large difference in chemical shift between the proton

associated with an acid (c.10-12 ppm) and associated with the DEMA-H" (3-4 ppm).
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Figure 3.1. 'H NMR spectra for DEMA based ionic liquids generated with various acids.
The structure and abbreviation for each acid is shown to the right of the corresponding

spectrum. The symbols A, B, and E correspond to protons associated with the acid, base,
and exchangeable protons respectively.

Due to the fast exchange of the proton between the acid and the base relative to
the timescale of the NMR measurement, a single peak is observed for the exchangeable
protons. Furthermore, as the strength of the acid increases, the chemical shift of the
exchangeable proton approaches that of the pure protonated base without any weak base

interaction from the anion. This upfield shift is indicative of an increase in the shielding
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experienced by the exchangeable proton due to its increased interaction with the lone pair
of electrons on the amine. Similarly, as the strength of the acid weakens, the expectation
is that the chemical shift of the exchangeable proton would approach that of the proton
attached to the acid. However, this does not appear to be the case. In the weakest acid
case studied here, an exchangeable proton chemical shift of 14.35 ppm is observed,
which is downfield from pure acetic acid (12.2 ppm). This indicates that the hydrogen
bond formed between the anion and the protonated base is causing a de-shielding of the
exchangeable proton.”® The trend of chemical shift of exchangeable proton with acid
strength is consistent with a previous study on a smaller set of TEA based PILs.”’A
similar trend has been observed by Denisov et al. when recording the 'H chemical shifts
of a series of 1:1 mixtures of acids and pyridine dissolved in CD>CL.* A chemical shift
maximum was observed at 20.5 ppm for the exchangeable proton of dichloroacetic acid
and pyridine (ApK,=3.9). This chemical shift indicates the presence of a strong hydrogen
bond between the acid and the base. We predict that if weaker acids were included in this
set of ionic liquids, a similar result would be observed. A chemical shift maximum was
not observed in our system due to DEMA being a stronger base (pK,=10.6) than pyridine
(pKa =5.2). This difference in strength of conjugate acids leads to a more complete proton

transfer for DEMA than for pyridine, with acids of comparable strength.
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Figure 3.2. Chemical shift of the exchangeable proton for each DEMA based ionic liquid
extracted from the 'H spectra as a function of acid strength.

The extent of protonation in protic ionic liquids has previously been correlated to
the value of ApK,, which is defined as the difference between the aqueous pK, of the

protonated base (pKo(BH")) and the protonated acid (pK.(AH)) as shown in eq 1.""'°
ApKa =pKa(BH+)_pKa(AH) (1)

The larger the ApK, for a PIL, the stronger the driving force for the proton transfer.
The measurement of aqueous pKa values for superacids are typically obtained by
measuring the relative acidity of the molecule of interest with respect to a standard in a
non-aqueous solvent and then approximating the solvation effect of water.® The
assumption associated with using ApK, in this context, is that the free energy of solvation
by water, from the pure PIL state to the aqueous standard state, is the same for cation and
anion components, which is not unreasonable when both anion and cation are large.'®

However, this approximation cannot be expected to hold in all cases. There is evidence of
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solvation energies playing an important role in the relative acidities of a set of super

. 31
acids.

A plot correlating the "H chemical shift of the exchangeable proton of each ionic
liquid with its ApK, is shown in Figure 3.2. The overall trend observed is that as the
strength of the acid increases, the resonance of the exchangeable proton is shifted upfield
(lower ppm values). In general the ionic liquids with smaller ApK, values fit the trend
more closely, while the ionic liquids synthesized with super acids seem to have larger
deviations from the trend. Furthermore, in the case of the acid HBF, the aqueous ApK,
leads to chemical shift which does not match the trend, likely due to the role water plays
in its acidity. Most of these issues appear to arise from aqueous super acid pK, values

having less bearing on the true acidity of these molecules in the context of ionic liquid

synthesis.
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Figure 3.3. Chemical shift of the exchangeable proton for an array of DEMA based
protic ionic liquids correlated with the proton affinity of the acid used to generate the PIL.
The proton affinities in this plot were obtained by calculating the proton affinity of each
acid using Gaussian09 to perform DFT-B3LYP with the basis set 6-31G (d). The

equation for the trend line shown is 6=0.14*PA-35.11.
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A way to classify the strengths of acids, which does not rely on their activity in a
solvent, is by determining their gas phase proton affinity using electronic structure
calculations. Proton affinities were calculated by obtaining the AH of the protonation of
the anions; this reaction scheme is shown in eq 2:

A +Hi, = AH, (2)
The lower the proton affinity of an anion, the stronger the associated acid. Similar gas
phase ab initio calculation studies have been a focus of recent publications estimating the
acidity of superacids.’>>> A plot correlating the gas phase proton affinity for each anion
and the chemical shift of the exchangeable proton upon reaction with the base DEMA is
shown in Figure 3. The stronger acids will have lower proton affinities, resulting in the
exchangeable proton forming a stronger bond to the amine of the base. This increased
interaction with the lone pair of the nitrogen on the base results in the chemical shift of
the exchangeable proton shifting upfield (to lower ppm). The good correlation between
the gas phase proton affinities and exchangeable proton chemical shifts implies that this
is a better predictor of the extent of proton transfer than is the ApK, value. Furthermore,
this method could be used to interpolate a proton affinity for an acid of unknown strength
for a facile method of acidity determination. The practice of correlating proton affinity to
chemical shift is one that has been used extensively to determine the acidity of solid acid

catalysts.”*

In some cases, ds-pyridine has been used to form hydrogen bonds with the
acid sites of the material, and the 'H chemical shift of the proton which is hydrogen-
bonded to they nitrogen on the pyridine is used to determine the proton affinity of the

acid sites in the solid.’® A correlation between acid proton affinity and the chemical shift

of exchangeable proton has also been observed in a set of PILs generated with a base of
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considerably different basicity, 1,3-Dimethyl-2-imidazolidinone (DMI), see Figure S2.
This set of ionic liquids will be the focus of a separate publication from our group,
however this observation demonstrates that this correlation is not unique to PILs

generated using simple amines as bases.
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Figure 3.4. (a) The schematic representation of a DEMA based ionic liquid in exchange
and an example splitting pattern for the case of fast and slow exchange. (b) "N NMR

spectra for an array of DEMA based Ionic liquids collected without 'H decoupling to
allow for the observation of Jyg.

Details about the extent of proton transfer as a function of acid strength can be
elucidated using "N NMR. Natural abundance ’N NMR is possible on neat ionic liquids
due to the high concentration of the DEMA cation. A series of "N NMR spectra were

collected for the set of DEMA based ionic liquids without 'H decoupling to observe the

57



Jxu coupling, and these spectra are shown in Figure 3.4. As the acid strength increases,
the exchangeable proton is more associated with the nitrogen of the base, resulting in a
shift of the "°N resonance down field (higher ppm). This shift is consistent with previous
studies which measured the °N chemical shift of amines as a function of the extent of

protonation.'**°

Furthermore, when the acid used to generate the PIL is stronger than
nitric acid the Jxu coupling (76Hz) is clearly observed. In the weak acid case, the
exchangeable proton is exchanging faster than the timescale of the "N NMR
measurement, resulting in the observation of a singlet. In the intermediate case (DEMA-
NO3) a peak broadened by exchange is observed, reminiscent of temperature-induced
coalescence.’’ The observation of the Jyu splitting in ionic liquids made with acids
stronger than nitric acid implies that the proton exchange in these PILs is slower than the
time scale associated with the observed Jyu. Additionally, the observation of a singlet for
the ionic liquids synthesized with acids weaker than nitric acid implies that the rate of
exchange is faster than the time scale associated with the Jxu. PILs formed with weak
proton transfers seem to have properties more similar to molecular liquids, such as an

appreciable vapor pressure.”® The observation of these properties is consistent with the

claim that these latter ionic liquids have a low ionicity.
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Figure 3.5. Example Stejskal-Tanner plot obtained from PFG-NMR experiments for
DEMA-Ac protic ionic liquid using the stimulated echo sequence with bipolar gradients.

Pulsed field gradient stimulated echo (PFG-STE) NMR can be used to measure
the transport properties of ionic liquids, and thereby provide information about the extent
of proton transfer.” This pulse sequence was used instead of the spin echo (SE) pulse
sequence™ because the magnetization during the diffusion delay relaxes according to T
instead of T,. T, relaxation is typically slower than T, relaxation in liquids, resulting in
the PFG-STE sequence having better sensitivity than the PFG-SE version. Furthermore,
bipolar gradient pulses were implemented to limit eddy-current effects. Using this
technique, it is possible to determine the diffusion coefficient of the cation, anion, and
exchangeable proton simultaneously, if each is NMR active. To determine the diffusion
coefficients, the decrease in area of each peak as a function of gradient strength was fit

41,42

with the Stejskal-Tanner™ ™"~ equation:

In(S(2)/S,) = ~Dgr 6 (A - ) G)

where S(27) is the attenuated signal, S(0) is the signal with zero gradient strength, g is the
gradient strength, y is the gyromagnetic ratio, d is the gradient length, and A is the

diffusion delay. An example of a diffusion NMR analysis result is shown in the Stejskal-
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Tanner plot of Figure 3.5. Resonances that are associated with molecules which possess a
larger diffusion coefficient will have a steeper slope in the plot. Based on the similarity of
the diffusion coefficients of the anion and the exchangeable proton, they can be
considered to be diffusing together. Observation of the exchangeable proton diffusing at a
similar rate to the Ac anion indicates that there is a weak proton transfer from the acid to
the base in DEMA-Ac and that this ionic liquid has a low ionicity. A summary of the
diffusion NMR results is shown below in Table 2. For the PIL with the strongest acid
(DEMA-Otf), the diffusion coefficient of the exchangeable proton closely matches the
cation, indicating that this PIL has a high ionicity. For the two moderately ionic PILs, the
anion, cation and exchangeable proton appeared to be diffusing at the same rate. This
similarity in diffusion coefficient could indicate that the cation and anion are diffusing as

hydrogen bonded ion pairs.

Table 3.1. Results of diffusion NMR experiments and conductivity measurements.
Diffusion coefficients are shown as D*10° (m?/s) and conductivities are all reported in
mS.

D D" D" Lxg Lexp Lex/Lne
DEMA-Ac 8.46 9.03 13.1 495 2.72 0.055
DEMA-TFA 3.90 3.93 3.97 16.0 3.69 0.231
DEMA-MS 2.48 2.46 245 10.7 3.55 0.332
DEMA-Tf 1.91 4.40 435 12.5 7.69 0.615

Quantifying the ionicity of protic ionic liquids and establishing trends is important
for the prediction of the properties of ionic liquids. To quantify ionicity, results of the
diffusion NMR experiments can be used to calculate the ideal Nernst Einstein

conductivity using the following equation:
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B N’
NE — kT

(D*+D") 4)

where Ang is the ionic conductivity predicted via PFG-NMR, N, is the Avogadro number,
e is the electronic charge, k is Boltzmann’s constant, T is temperature, D" and D™ are the
measured diffusion coefficients of the cation and anion respectively. The ratio of this
ionic conductivity and the experimentally measured ionic conductivity from an
impedance experiment is related to the ionicity of the ionic liquid.

Additionally, the deviation from the ideal viscosity limited Walden conductivity
(AW) can be used as a measure of ionicity.>'"'*'® The AW is calculated by correlating
the log of equivalent conductivity with the log of fluidity for an ionic liquid and
comparing it to the ideal case for conductivity of 1 M KCL*'" A plot summarizing the
characterization of the ionicity of a subset of the ionic liquids using these two methods is
shown in Figure 3.6. The two different measures of ionicity are in good agreement, as
was also found by Miran et al. for the case of a series of acids protonating the super base
1,8-diazabicyclo-[5,4,0]-undec-7-ene (DBU). However, the data point for the most ionic
IL analyzed (DEMA-Otf) deviates from linearity, which indicates a difference between
these two methods for determining ionicity as the ionic liquid approaches higher
ionicities. The inability of an ionic liquid’s conductivity to approach the ideal Nernst-
Einstein conductivity has previously been attributed to the effects from ion-pair
diffusion.'>” PFG-NMR results for the PILs with intermediate proton transfer strengths
showed the cation and anion diffusing at approximately the same rate, which supports the
presence of ion-pairing (see Table 3.1). However, for the strong proton transfer case

(DEMA-Otf), different diffusion rates were observed for the anion and cation, suggesting
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that ion pairing is not prominent for this PIL. In cases where ion-pairing is not expected,
the deviation from the Nernst-Einstein conductivity can be attributed to interionic friction

as described previously for molten salts by Berne and Rice.**
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Figure 3.6. Summary of the characterization of the ionicity of a subset of the DEMA
based ionic liquids studied via the deviation from Walden conductivity (AW) and the
ratio of the measured conductivity through impedance measurements, and the predicted
conductivity from NMR (Acxp/AnE).

3.4 Conclusions

The ionicities of several liquids in a set of DEMA based PILs were characterized
using NMR spectroscopy, electronic structure calculations, and conductivity
measurements. The chemical shift of the exchangeable proton for each PIL was observed
to have a linear relationship with the gas phase proton affinity of the acid. Consequently,
our results show that proton affinity is a better predictor of ionicity than aqueous ApKa
values. Furthermore, diffusion results indicated that the exchangeable proton diffuses
primarily with the anion in weakly ionic PILs (DEMA-Ac), while in strongly ionic PILs

(DEMA-Otf) it diffuses with the cation. To predict the ionicity of a more general set of
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ionic liquids, the difference in the proton affinity of the acid and the proton affinity of the
base (APA) can be used. Some data collected by our group for a set of DMI based ionic
liquids indicates that this is a general trend (see Figure 3.8).

3.5 Supplementary Material

The figures below are provided as supplementary figures to Chapter 3.
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f(x) = (0.963)*x + (15.5)

3401
320

300 //,,,m

Calculated Proton Affinity (kcal/mol)

300 320 340 360
Experimental Proton Affinity (kcal/mol)

Figure 3.7 Gas phase proton affinity values obtained via electronic structure calculations
carried out at the DFT-B3LYP level of theory with a basis set of 6-31G(d) compared to
values obtained from the literature. The solid line is a fit of the data points, and the dotted
line is along y=x.
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Figure 3.8 Plot exemplifying the relation of the exchangeable proton’s chemical shift in
protic ionic liquids (PILs) with the different in the proton affinity of the acid and base

(APA) used to generate the PIL. The data is shown for 2 sets of PILs made with the bases
diethylmethylamine (DEMA) and 1,3-Dimethyl-2-imidazolidinone (DMI).
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Chapter 4
Investigating the diffusion of small molecules in aqueous media using PFG-NMR
and molecular dynamics

4.1 Introduction

The diffusion of molecules in the liquid phase is of substantial importance to
many physical, chemical, and biological processes. Diffusion of molecules in a system
can be the limiting factor for the rate of chemical reactions, and can play a significant
role in the details of bimolecular interactions. Characterizing the diffusion of molecules
in a system has been used extensively in the determination of the extent of
oligomerization of proteins,' and to characterize the molecular weight distributions of
polymer solutions.” Additionally, the self-diffusion of molecules can be used to
approximate their viscosity via the Stokes-Einstein equation.” Here we present a pulsed
field gradient nuclear magnetic resonance (PFG-NMR) experiment, coupled with
molecular dynamics simulations, which can be used to determine the diffusion

coefficients of small molecules in aqueous media experimentally and computationally.

One of the most direct and accurate ways to measure the diffusion of molecules is
by using PFG-NMR.* This technique involves applying a magnetic field gradient along
the z-axis of the sample, resulting in the nuclear spins experiencing a magnetic field
based on their location. This is referred to as the spatial encoding gradient, because the
spins are “encoded” with their location by this gradient pulse. Subsequently, a diffusion
delay period occurs, during which the molecules undergo diffusion. After the diffusion
delay is complete, a second gradient pulse is applied to the sample of equal strength and

length but of effectively opposite sign. This second gradient’s purpose is to refocus the

70



dephasing of the magnetization caused by the spatial encoding gradient. Therefore, in the
absence of any diffusion the refocusing gradient will counteract the dephasing caused by
the encoding gradient and the ideal signal will be observed for the nuclei. However, in the
presence of diffusion, the signal observed will be attenuated in a manner that depends on
how far the spin has moved along the z-axis during the diffusion delay. Furthermore, the
signal decrease depends on the diffusion coefficient of the molecule. The observed signal

attention is dictated by the Stejskal-Tanner equation:’
2,,2Q2 5
In(S(27)/§,) = -Dg"y 67 (A -3 (1)

Where S(27) is the signal observed in the experiment, Sy is the signal observed in the
absence of any gradient strength, g is the gradient strength, y is the gyromagnetic ratio for
the observed nucleus, 0 is the gradient length, A is the diffusion delay, and D is the
diffusion coefficient. The full derivation of the Stejskal-Tanner equation can be found
here.® To collect this data the stimulated echo (STE) PFG pulse sequence’ was used. The
STE-PFG NMR pulse sequence is shown in Figure 1 (B) along with the simpler spin

echo (SE) PFG sequence for comparison, shown in Figure 1 (A).
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Figure 4.1. Schematic diagram of the pulse sequences commonly used to determine
diffusion coefficients via NMR. The spin echo pulsed field gradient (SE-PFG) sequence’
(A) and the stimulated echo pulsed field gradients (STE-PFG) sequence with bipolar
gradients’ (B).

Molecular dynamics (MD) simulations involve the numerical calculation of forces
between, and the movement of, atoms in a system as a function of time.® Simply put, the
simulation calculates the forces exerted on each atom by the surrounding atoms and
moves the atoms according to classical equations of motion. To calculate the forces
exerted on each atom, a force field is used to approximate the bonding and non-bonding
interactions between the atoms in the system.” The equations of motion for the atoms are
then integrated over small (typically 1 fs), finite time steps (At). There are many methods
for executing the calculations,® but a simple example is the Verlet algorithm,'® which is

shown below in Equation 2:

2
d xgt) A
dt

x(t+At) =2x(t) —x(t - At) +

)

This equation can be used to calculate the position of the atom at the next time step
(x(t+At)) using the current location of the atom (x(t)), the position of the atom at the

revious time step (x(t-At)) and the acceleration of the atom at time t (d*x(t)/dt?). More
p P
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complicated versions of this algorithm are typically implemented,'’ but this simple
algorithm is a good example for teaching purposes. To determine the diffusion coefficient
(D) of a molecule in a MD simulation, the mean squared displacement (<Ar(t)2)) as a
function of lag time (t) is calculated from the trajectory and used along with the

dimensionality of the system (n) in the following equation:'
(Ar(®?) = 2nD7 3)

4.2 Experimental

Materials. The 99.9% D,O was obtained from Cambridge Isotopes Laboratories. Solutes
were obtained from Sigma-Aldrich and used as received.

Sample preparation. Samples for diffusion NMR experiments were generated by
dissolving approximately 1 wt.% of each solute in 99.9% D20 and pipetting
approximately 700 uL of the solution into a 5 mm NMR tube.

NMR data collection. 'H stimulated echo pulsed field gradient (STE-PFG) NMR spectra
were collected using a 500 MHz Varian VNMRS spectrometer equipped with a 5mm 'H-
BC-N probe capable of an approximately 70 G/cm pulsed field gradient strength at
maximum power. Spectra were collected using the stimulated echo sequence’ with
bipolar gradients as shown in Figure 4. 1 B. Primary NMR parameters used in the
collection of this data were a recycled delay of 5 seconds, a diffusion delay of 60 ms, and
a gradient length of 1.0 ms. The gradient strength was varied from approximately 2.5
G/cm to 70 G/cm averaging 8 transients at each gradient strength. During data collection,
the temperature of the probe was regulated at 25.0 °C. The gradient strength of the probe

calibrated using a sample of 99.9% D,0O, which has a well characterized diffusion
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coefficient of 1.872x10™ m?s."”> The 'H chemical shifts were referenced by setting the
chemical shift of the residual HOD in the D,0O to 4.8 ppm.

Molecular dynamics simulations. All MD simulations were carried out using the
program NAMD (version 2.10),'* and prepared/visualized using VMD 1.9.1."° Cubic
simulation cells with periodic boundary conditions were used. The cubic simulation cells
had a volume of 216,000 A’ (each side was 60 A). Simulation cells were populated with
the molecule of interest in the center, along with approximately 6,000 water molecules,
which were represented with the TIP3P potential function.'® Each system was energy
minimized for 200 steps prior to carrying out the MD simulation for 200 ps, with a time
step of 1 fs. The temperature of each system was regulated at 298 K using Langevin
dynamics,'” and the pressure was regulated at 1 atm using the Langevin piston method,'®
both of which are standard methods implemented by NAMD. The CHARM general force
field (CGenFF) "** was used for the calculation of forces. MSDs were obtained from the
trajectories either using the tcl script supplied in the supporting information, or by using
the diffusion plug-in for VMD. Each simulation was completed in approximately 4 hours
using the quad-core 2.8 GHz central processing unit (CPU) of an imac computer.
Hazards. The solutes are all common laboratory reagents/solvents, and should be
handled using gloves. Benzene is a known carcinogen, so efforts to minimize exposure
should be taken. Dioxane has a tendency to form peroxides, which can be explosive, so
routine peroxide tests should be carried out on bottles of this reagent. NMR spectrometers
produce large magnetic fields, so any students with medical implants or pacemakers

should not work with them.
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4.3 Results and discussion

A typical trajectory result from an MD simulation, visualized using VMD, is
shown in Figure 2. The acetone molecule is shown as a function of simulation time with
the structure’s color corresponding to the time step (red—blue is increasing time). The

molecules do not follow any set path, presenting a good example of Brownian motion.

Simulation time:

200 ps
0:\
. ¢ ?
100 ps W

0 ps

Figure 4.2. Molecular dynamics trajectory for acetone diffusing through a collection of
water molecules over the course of 200 ps. The colors of the ball and stick models
represent their time-step red—blue is increasing time.

It has been shown that the accuracy of the diffusion coefficient extracted from
MD trajectories can be greatly improved by averaging the results from multiple
simulations.'” This strategy was utilized to obtain diffusion coefficients with acceptable
accuracy without needing extremely long simulation times and large simulation cells. A
plot of the 20 of the trajectories from MD simulations with the same starting conditions is
shown in Figure 4.3. The circles on this plot represent the average values for the MSD at

each lag time. The large deviation from the mean is typical, due to the nature of
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Brownian motion on these relatively short timescales.'” Fitting these data with a line
allows for the calculation of the diffusion coefficient utilizing Equation 3. This same
analysis was done for each of the 10 solutes shown in the study, and the resultant average
trajectories are shown in Figure 4.4. The Diffusion coefficient is directly related to the
slope of the trend these data follow, as seen in Equation 3. Therefore, the solutes that
have an MSD which rises more quickly with lag time, qualitatively have a larger
diffusion coefficient. In general the trend observed of relatively diffusivities observed via
the MD simulations in consistent with literature values. The Diffusion coefficients

obtained from fitting these data are shown in Table 4.1.
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Figure 4.3. Molecular dynamics trajectories for 20 simulations of acetone in TIP3P water.
The circles represent the average MSD at each lag time.
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Figure 4.4. Average of 20 molecular dynamics trajectories for each of the solutes in
water.

A "H NMR spectrum for the mixture of molecules dissolved in D,O is shown in
Figure 4.5. The solutes in this mixture are all at a concentration of approximately 20 uM.
The chemical shifts for each of the molecules are shown in Table 4.1. The resonances for
the solutes are all well resolved in the spectrum, allowing for simple quantification. The
simple small molecules used in this study have resonances in the 'H spectrum which are
singlets. This lack of J-coupling allows for the integration of peak areas to be carried out

more easily.
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Figure 4.5. "H NMR spectrum of the mixture of solutes in D,O at approximately 20 uM.
The resonances in the spectrum have been assigned to (A) t-butanol, (B) acetonitrile, (C)
acetone, (D) DMSO, (E) DMF, (F) methanol, (G) glycine, (H) 1,4-dioxane, (I) benzene,
(J) formic acid.

Pulsed field gradient (PFG) NMR can be used to determine the diffusion
coefficients of NMR active molecules in a mixture simultaneously.® PFG-NMR was
implemented in this study to characterize the diffusivity of the molecules in the well-
resolved spectrum shown in Figure 4.5. A Stejskal-Tanner plot from the PFG-NMR
experiment conducted in this study is shown in Figure 4.6. The Signal decay as a function
of gradient strength was fit with Equation 1. Signals which decay more quickly with
gradient strength are associated with molecules which have higher diffusion coefficients.
The results of the PFG-NMR analysis are shown in Table 4.1. In general, the numbers are
in good agreement with literature values. The diffusivities are all lower than expected
based on literature; this could be due to solute-solute interactions present at 20 uM

concentration.
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Figure 4.6. Stejskal-Tanner plot for each of the solutes diffusing through D,O.

4.4 Conclusions

The diffusion coefficients of an array of small molecules in an aqueous media
were determined experimentally and computationally, using pulsed field gradient (PFQG)
NMR and molecular dynamics (MD) simulations respectively. Coupling experimental
results with simulation results has allowed students to more meaningfully interpret data
from complex experiments such as PFG-NMR. Furthermore, MD simulations allow
students to better understand and visualize the time and length-scale of molecular
diffusion in liquids. The PFG-NMR experiment allowed for the accurate determination of
the diffusion coefficient associated with each molecule in an aqueous solution. Diffusion
coefficients obtained using this method were in good agreement with literature values.
MD simulations were employed to determine the diffusion coefficients of the same
molecules in a bath of water molecules. By averaging together 20 successive 200 ps

simulations for each molecule, more accurate results were obtained, without needing
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larger systems. Due to the exponential advances in computational power, MD simulations
have become more accessible and common. Therefore, the simulations described here
can be run in a reasonable amount of time on modern personal computers (PCs). The data

collection for this experiment can be completed in two or three 3-hour lab periods.

Table 4.1. Diffusion Coefficients for the listed small molecules diffusing through
H,0/D,0 obtained using MD and PFG-NMR and compared to literature.

'H Chemical Shift MD PFG-NMR Literature

(ppm) (m’/s)*10° (m’/s)*10° (m’/s)*10°
t-butanol 1.26 1.23 0.60 0.57
acetonitrile 2.08 1.71 1.08 1.26
acetone 2.24 1.82 0.84 1.28
DMSO 2.75 1.45 0.75 0.83
DMF 2.87,3.02,7.94 1.11 0.82 1.12
methanol 3.37 1.93 1.14 1.28
glycine 3.64 1.78 0.74 1.05
1,4-dioxane 3.75 1.29 0.70 1.10
benzene 7.42 1.52 0.81 1.02
formic acid 8.47 2.28 0.99 1.41
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