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a b s t r a c t 

The interactions and dynamic behavior of a select set of polar probe solutes have been investigated on 

three hydrophilic and polar commercial stationary phases using saturation transfer difference 1 H nu- 

clear magnetic resonance (STD-NMR) spectroscopy under magic angle spinning conditions. The stationary 

phases were equilibrated with a select set of polar solutes expected to show different interaction patterns 

in mixtures of deuterated acetonitrile and deuterium oxide, with ammonium acetate added to a total con- 

centration that mimics typical eluent conditions for hydrophilic interaction chromatography (HILIC). The 

methylene groups of the stationary phases were selectively irradiated to saturate the ligand protons, at 

frequencies that minimized the overlaps with reporting protons in the test probes. During and after this 

radiation, the saturation rapidly spreads to all protons in the stationary phase by spin diffusion, and from 

those to probe protons in contact with the stationary phase. Probe protons that have been in close con- 

tact with the stationary phase and subsequently been released to the solution phase will have been more 

saturated due to a more efficient transfer of spin polarization by the nuclear Overhauser effect. They will 

therefore show a higher signal after processing of the data. Saturation transfers to protons in neutral and 

charged solutes could in some instances show clear orientation patterns of these solutes towards the sta- 

tionary phases. The saturation profile of formamide and its N -methylated counterparts showed patterns 

that could be interpreted as oriented hydrogen bond interaction. From these studies, it is evident that 

the functional groups on the phase surface have a strong contribution to the selectivity in HILIC, and that 

the retention mechanism has a significant contribution from oriented interactions. 

© 2020 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Hydrophilic interaction chromatography (HILIC) [ 1 , 2 ] has in re-

ent years become a widely used liquid chromatographic separa-

ion mode, mainly due to its unique capability of separating highly

ydrophilic compounds that are poorly retained in reversed phase

iquid chromatography (RPLC). This advantage is gained by the use

f highly polar stationary phases, which offer a substantially higher

electivity potential compared to RPLC. A considerable number of

ILIC columns have hence become commercially available, packed

ith stationary phases of widely varying functional group struc-

ures [3–7] . 
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Partitioning of solutes between a partly aqueous eluent and a

ater-enriched layer forming on the surface of a polar station-

ry phase was postulated in the 1990 seminal HILIC paper by

lpert [1] to be the primary retention-promoting factor in HILIC

a hypothesis that is still considered to be largely valid if one 

onsults the pool of recent research on the topic. Yet many so-

ute/stationary phase combinations show retention patterns that

re more characteristic of surface adsorption or electrostatic inter-

ctions , as opposed to liquid-liquid partitioning [ 8 , 9 ]. In order to

xploit the selectivity advantages offered by the variety in polar-

ty of available HILIC stationary phases, it is necessary to gain a

etter understanding of the mixed-mode mechanisms that gov-

rn the interactions between polar solutes and stationary phases

nder typical HILIC elution conditions [ 2 , 10 ]. However, the com-

lexity and variation in interaction mechanisms offered by polar

igands makes it difficult to investigate the exact nature of the

olute-stationary phase interactions. The water-enriched layer sug-
under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Schematic structures of the stationary phases under test with protons ca- 

pable of transferring saturation in bold. Note that while the ligand structures are 

quite certain, exact bonding chemistries of the phases are not known. There may 

therefore be additional excitable protons bonded to carbons in the layer close to 

the silica surface. 
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gested by Alpert has been proven experimentally by determining

the selective up-take of water by HILIC stationary phases from

acetonitrile-water eluents using coulometric Karl Fischer titration

[11] . Molecular dynamics simulations have furthermore shown that

a water-rich layer should exist on bare silica phases [ 12 , 13 ], and

studies with hydrophobic probes have indicated that this water

layer is essentially impenetrable to such solutes [ 14 , 15 ]. Yet in a

recent study it has been shown that toluene, a hydrophobic so-

lute widely used as zero volume marker in HILIC, is capable of

direct interaction with the ligands of three different polar station-

ary phases [15] . Electrostatic interactions are responsible for a large

part of the selectivity for charged solutes in HILIC mode, not only

on stationary phases designed to have charged groups as an inten-

tional part of the interactive layer, but also due to the presence

of deprotonated silanol groups [10] . A study of a variety of com-

mercially available HILIC columns has shown that partitioning is

the primary retention promotor for uncharged polar compounds,

whereas correlation of interactions between stationary phase func-

tionalities and solutes again suggest that adsorption mechanisms

and multipoint oriented hydrogen bonding contribute to the selec-

tivity [10] . In addition there is evidence that dipole-dipole interac-

tions, molecular shape selectivity, and even “hydrophobic interac-

tion” play important roles in HILIC mode retention [16–18] . 

A range of different techniques have been applied to probe the

selectivity in HILIC mode including studies of chromatographic re-

tention and peak shapes [19] combined with chemometrics [ 10 , 20 ],

at times coupled with modeling of molecular dynamics [ 21 , 22 ] and

linear solvation energy relationships [ 23 , 24 ]. Most of the stud-

ies depend quite heavily on a particular set of stationary phases

in combination with specific analyte types. McCalley concluded,

based on evaluating a set of solutes, that the stationary phase ap-

peared to be the most important factor contributing to the selec-

tivity in HILIC separations [25] . 

Nuclear magnetic resonance (NMR) has for decades been used

for characterizing stationary phase chemistry [ 26 , 27 ], as a spectro-

scopic detection technique in HPLC [28] , and more recently also as

detector hyphenated with HILIC [ 29 , 30 ]. It is, however, only quite

recently that NMR has been applied directly on systems involving

stationary phases and their interactions with solutes [31–36] , and

because of the pivotal role of water in HILIC we have previously

made use of NMR cryoporosimetry for probing the extent of “un-

freezable” water in stationary phases for HILIC [37] . A variety of

NMR methods have long been used for measurement of molecu-

lar mobility and diffusivity of solutes on chromatographic sorbents

[ 27 , 31 , 38–41 ] and NMR is one of the techniques that is often pro-

posed for the speciation of mixtures to study mechanism in chro-

matography. For studies of interactions between solutes and sta-

tionary phases, the saturation transfer difference (STD) technique

was applied to molecularly imprinted polymers probed in a chro-

matographic setting [31] . Mapping of nucleotide epitopes bound to

affinity chromatography supports has also been accomplished us-

ing STD-NMR spectroscopy [ 32 , 34 ], as has binding interactions of

amino acids to polystyrene nanoparticles [42] . Surface STD-NMR

experiments are best known from the analysis of biomolecule-

ligand interactions in molecular biology, where detailed protocols

are published [43] . In these applications, the STD-NMR technique

has proven its efficacy in detecting the binding epitopes of low

molecular weight compounds to large biomolecules, and for map-

ping the atoms of the ligand that are in close contact with the

biomolecule when the complex is formed [44] . 

In this study, we have attempted to apply a newly developed

STD-NMR method [15] to investigate binding interactions between

a selected set of hydrophilic test solutes, and three distinctly dif-

ferent types of commercially available silica-based hydrophilic sta-

tionary phases used in HILIC ( Fig. 1 ). These STD-NMR experiments

have been carried out by selective irradiation of methylene pro-
ons on the stationary phases until saturation is reached, using an

ppropriate pulse sequence. The magnetization in these saturated

rotons is first spread by spin diffusion among protons in the lig-

nds that are tethered to the stationary phase and subsequently

ransferred from these to the solute protons. This transfer of mag-

etization is most efficient for solute protons that are in intimate

ontact with the support, leading to signals at their corresponding

hifts [45–47] . The efficiency and the degree of saturation trans-

er depend on the orientation and position of the solute molecules

elative to the support and their interaction dynamics, in particu-

ar the k off [ 15 , 42 ]. The primary aim of this work was to extend

ur previous study to investigate the causes of selectivity due to

he polar ligands of the HILIC phases, and also to widen the un-

erstanding of the interactions that govern retention in HILIC. 

. Material and methods 

.1. Chemicals 

Ammonium acetate ( ≥98 %) and formic acid were pur-

hased from Scharlau Chemie (Barcelona, Spain). The HPLC

rade toluene and dimethylformamide (DMF) were from Fisher

hemicals (Loughborough, UK). Deuterium oxide (99.9 atom-%D),

cetonitrile-d 3 (99.8 atom-%D), N -methylformamide (99%), and

crylic acid (99 %) were from Sigma-Aldrich (Steinheim, Germany).

ethacrylic acid was from Serva (Heidelberg, Germany). Imida-

ole, formamide (99%), benzoic acid, and benzyltrimethylammo-

ium chloride (BTMA) were from Merck (Darmstadt, Germany).

ater was produced by a Millipore (Bedford, MA, USA) Ultra-Q pu-
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ification system and had a resistivity of ≥ 18 M �•cm at 25 °C. The

tationary phases based on fully porous silica supports used in this

tudy were all from Merck; ZIC-HILIC (5 μm, 200 Å), LiChrospher

iol (5 μm, 100 Å), Purospher Star NH 2 (5 μm, 120 Å), and Puro-

pher Star Si (5 μm, 120 Å); additional details on the stationary

hases are available in our previous study [10] . 

.2. Chromatographic analysis of retention 

Liquid chromatographic experiments were performed using ei-

her an HP 1050 HPLC system (Agilent, Palo Alto, CA) for the first

est set of solutes, or a Shimadzu LC-10 HPLC system (Shimadzu

orporation, Kyoto, Japan) for the designed set of solutes. The HP

050 system consisted of a quaternary pump, an autosampler, and

 diode array detector, all controlled via the ChemStation A10.01

oftware that also acquired the chromatographic data. The Shi-

adzu LC-10 system consisted of two LC-10AD VP LC pumps, an

uto-sampler (SIL-10ADVP), a degasser (DGU-14 A), and a UV-VIS

etector (LC-10AVP), all controlled by LC solution (version 1.25)

oftware that also acquired the chromatographic data. Elution vol-

mes were determined on 250 mm long columns (4.0 mm i.d. for

urospher Star NH 2 and LiChrospher Diol, and 4.6 mm for ZIC-

ILIC), by injecting 3 μL of individual test solutes dissolved in the

luent at the lowest concentrations that would give a reasonable

ignal in UV detection, corresponding to about 10 ppm. The elu-

nts were identical to the test solutions used in the STD-NMR ex-

eriments, with the exception that non-deuterated solvents were

sed; i.e. , acetonitrile/water at 80:20, 90:10, and 95:5% (v/v) ratios,

ith ammonium acetate added to a concentration of 5 mM in the

nal eluent, yielding a pH of ≈ 6.8. The eluent flow rate was set

t 1 mL/min, and detection was performed by UV spectrophotom-

try at 254 nm, except for formic acid where 210 nm was used.

etention factors were determined as the average of two to three

njections, and in spite of its shortcomings [15] , toluene was used

s unretained marker to estimate column void volume for calcu-

ation of retention factors. Chromatographic experiments with the

P 1050 system were performed at room temperature (22 ± 2 °C)

ithout active control of column temperature, whereas the column

ven of the Shimadzu system was set at 25 °C. 

.3. Sample preparations for STD-NMR 

The three stationary phases, obtained in bulk from emptied

ristine commercial columns, were repeatedly washed with wa-

er, followed by methanol, and thereafter dried in a Gallenkamp

Loughborough, UK) vacuum oven at ≈ 100 Pa and 40 °C for

48 h. Test solutions for STD-NMR were prepared by dissolv-

ng 1 mg/mL of each test probe individually in solvent mixtures

onsisting of CD 3 CN, D 2 O, and ammonium acetate with the sol-

ent proportions exactly the same as in the eluents with non-

euterated solvents described above. A blank without any test

robe was also prepared. The test solutions (including the blank)

ere equilibrated with 75 mg aliquots of the dry stationary phases

y first weighing in each phase in 2 mL centrifuge filter tubes with

.45 μm Nylon filters (Chrom Tech, Apple Valley, MN, USA) and

hereafter adding 300 μL aliquots of the test solutions separately to

he centrifuge filter tubes, followed immediately by capping of the

ubes and leaving them overnight at room temperature to equili-

rate. The following day, additional 300 μL aliquots of the same

est probe solutions (or blank) were added to the respective filter

ubes, followed by centrifugation for 10 minutes at 17 × g at room

emperature with a MiniSpin Plus TM Microcentrifuge (Eppendorf,

anada). The particles recovered on the filter were resuspended

n the same probe/blank solutions, followed by a swift centrifu-

ation (17 × g for 5 minutes), optimized to remove most of the

olution from the particle interstices while leaving the pore spaces
lled. The stationary phases, now paste-like in their appearance,

ere recovered from the filters by a 1 mL plastic pipette tip, from

hich they were transferred to disposable NMR rotor inserts by

entrifugation in a SafeSeal microtube (polypropylene, 2 mL, Sarst-

dt, Nümbrecht, Germany) at 6708 × g for 5 minutes. The inserts

ere then immediately capped, placed in 4 mm zirconia rotors,

nd subjected to STD-NMR spectroscopy. 

.4. STD-NMR method setup 

STD-NMR was carried out at 298 K on samples prepared in

otor as accounted for above, using a Bruker 500 MHz Avance

II instrument. Stationary phase protons were selectively saturated

t frequencies corresponding to 1 H shifts of 2.4 ppm (1200 Hz)

or ZIC-HILIC and 2.74 ppm (1370 Hz) for LiChrospher Diol and

urospher Star NH 2 during the first set of experiments with 20%

v/v) D 2 O, and later 3.7 ppm (1848 Hz) for all three stationary

hases when 5 and 10% D 2 O was used in the solvent mixtures

sed to equilibrate the stationary phases. High-Resolution Magic

ngle Spinning (HR-MAS) was applied at a rotor spinning rate of

200 Hz, combined with an echo train acquisition scheme in or-

er to minimize spectral interferences from the stationary phases

nd to filter out the effects of anisotropy. Saturation took place

y irradiation with a train of forty Gaussian shaped 50 millisec-

nd wide pulses at the frequencies indicated above, at a power

evel of 0.1 mW over a period of two seconds. After hard exci-

ation (calibrated to typically 5.3 μs) a Carr-Purcell-Meiboom-Gill

 4 8 , 4 9 ] (CPMG) T 2 filter was applied, consisting of twenty-two 180 °
ulses over a period of 9 ms, which effectively filtered away all line

hapes wider than 100 Hz (corresponding to ≈ 0.2 ppm FWHH)

nd attenuated lines of intermediate widths, while sharp lines in

he FID spectra were left intact. The spectral acquisition consisted

f repeatedly interleaving on- and off-resonance scans for typically

00 scans each into a pseudo 2D spectrum, giving an acquisition

ime of 41 min per experiment. The stdsplit command in TopSpin

.2 was then used to generate FID differences which produced the

D Ref ( I 0 ) and the 1D STD ( I STD ) spectra in two separate files.

easurement of increased intensities was carried out by direct

omparison of STD-NMR [ 45 , 46 ]. Relative STD effects were calcu-

ated according to the equation 

T D = 

I 0 − I sat 

I 0 
= 

I ST D 

I 0 
(1) 

y comparing the intensities of the signals in the STD-NMR spec-

rum ( I STD ) with signal intensities of the corresponding reference

pectrum ( I 0 ). When necessary, peak resolution was made using

rigin 2018 from OriginLab (Northampton, MA, USA) applying a

orentzian model. 

Solution phase 1 H -NMR spectra of the test probes were ac-

uired at 298 K by dissolving 1 mg of each test probe in 1 mL of

he same solvent mixture used for sample preparation above, with

6 scans at a spectral width of 10 kHz on a 400 MHz Avance III

MR instrument from Bruker (Billerica, MA, USA). 

. Results and discussion 

The saturation transfer difference NMR method used in this

ork has been described and validated in a recently published pa-

er [15] , in which we showed that toluene, which is frequently

sed as a void volume marker in HILIC, is indeed capable of pene-

rating into the polar ligand space where the water-enriched layer

s supposed to be located [11] . We also observed what could be

nterpreted as orientation effects, where saturation transfer to the

ethyl protons of toluene appeared to be more efficient than to

he aromatic protons. This prompted us to continue these STD-

MR experiments with polar solutes, which are more likely to
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have retention and partition into water-enriched layers at station-

ary phase surfaces. The choice of stationary phases and their prop-

erties was discussed in our previous communication [15] . STD-

NMR experiments require ligands with non-exchangeable protons.

We were therefore unable to include neat silica in these experi-

ments, since silanol group protons are in fast equilibrium with pro-

tons/deuterons in the eluent. 

3.1. Initial evaluation of the STD-NMR method for polar compounds 

Typical eluent compositions in HILIC are mixtures of acetoni-

trile with a relatively low content of water, to which has been

added a buffering electrolyte at millimolar concentrations. The

most commonly used way of “buffering” HILIC eluents is to add

ammonium acetate or ammonium formate, since these volatile

salts are compatible with mass spectrometry with electrospray

ionization. The temperature, as well as the pH and the concen-

tration of the eluent buffer, are known to affect the selectivity

in HILIC [25] , but since each STD experiment was rather time-

consuming, it was necessary to limit the number of tests [50] . We

therefore decided to carry out the initial STD-NMR experiments in

deuterated solvents at room temperature (298 K) using deuterium

oxide at 20% (v/v) concentration in deuterated acetonitrile and am-

monium acetate as “buffer” ( w 

w 

pH ≈ 6.8) at a final concentration of

5 mM; conditions that could be seen as “typical” in HILIC if non-

deuterated solvents were used. Exchange between deuterons from

the D 2 O and labile (acidic) protons of the test probes and the am-

monium acetate added as buffer is inevitable during the time scale

of STD-NMR experiments, resulting in signal loss for protons that

would be very interesting to study in order to elucidate the re-

tention mechanisms in HILIC – in particular amine and hydroxyl

protons, including silanols. 

Initially, we opted to screen four hydrophilic molecules with

diverse characteristics as test probes to evaluate the STD-NMR

method developed for toluene [15] with polar molecules that

are expected to be retained in HILIC. Since coulombic interac-

tions play an important role in the retention spectrum of HILIC,

we chose benzyltrimethylammonium ion (BTMA) as a positively

charged probe, and benzoic acid (BA) as a negatively charged probe

at the selected pH. With these, we intended to probe cation and

anion exchange interactions with residual silanol groups, proto-

nated amine groups, and permanently charged functional groups

within the bonded stationary phase stuctures, as explored in pre-

vious studies [10] . We also chose to include dimethylformamide

(DMF) and methyl glycolate (MGL) which both grouped as pri-

marily adhering to an adsorption type rather than a partitioning

type retention model in a previous study of HILIC [11] and should

thus be capable of direct interactions with the bonded phases via

hydrogen bonding and/or dipole interactions. Chromatographic re-

tention factors were recorded for these four solutes on the three

selected columns; LiChrospher Diol, Purospher Star NH 2 , and ZIC-

HILIC, which represent polar stationary phases with substantially

different ligand structures and selectivity characteristics [ 10 , 15 ].

The chromatographic conditions matched the environments used

in the STD-NMR experiments, but non-deuterated solvents were

used. Results from the retention factor determinations are listed

in Table 1 together with information on basic characteristics of the

test compounds such as p K a , the logarithm of the octanol-water

partitioning coefficient (log P OW 

), and the dipole moments. 

Solution phase 1 H NMR spectra were first recorded under the

selected solvent conditions to assign chemical shifts to all protons

for the STD-NMR spectra evaluation. Saturation transfer NMR ex-

periments were thereafter performed with the probing molecules

equilibrated with the three bonded stationary phases and, as ex-

plained in the experimental section, this involved acquisition of

spectra both with the saturation pulse tuned to the indicated fre-
uencies, as well as off-resonance with the same power so the ex-

erimental setup ( e.g. , induced RF heating) should be as similar as

ossible between the reference (off-resonance) and saturation (on-

esonance) experiments. The reference and STD spectra recorded

uring these experiments are presented in Fig. 2 . 

.2. Benzyltrimethylammonium ion (BTMA) 

At first glance, the spectra in Fig. 2 might be interpreted as

 particularly efficient saturation transfer to the methyl protons

3.02 ppm) of the positively charged BTMA with LiChrospher Diol

nd Purospher Star NH 2 since their recorded STD signals were

ather high, but this would be a hasty and erroneous conclusion.

he saturation frequency with these two stationary phases was set

o match a shift of 2.74 ppm, and with a broadening of the exci-

ation profile due to the finite length of the excitation pulses by

0.2 ppm (with < 1% calculated to be outside this band) [15] we

annot exclude direct saturation of the methyl protons of BTMA

t their 3.02 ppm shift. Even worse, the N -methyl protons “trans”

nd “cis” to the formyl proton of DMF have shifts of 3.00 and 2.76

pm ( cf. Fig. 2 ), where the latter would be directly hit. We can

herefore not draw any conclusions regarding saturation transfer

rom the stationary phases to these protons. Yet, the significantly

ower STD signals observed for the formyl proton of DMF (7.90

pm), and in particular the methylene (4.41 ppm) and aromatic

rotons (7.52 and 7.60 ppm) of BTMA, show that proton cross cou-

ling within the probe molecules following excitation at 2.74 ppm

ust be very limited, if any, even if some of the intra-molecular

rotons of the probes are directly saturated before the excitation

ulses. This proves the validity of the STD-NMR approach for deter-

ining what part of a molecule have been in preferential contact

ith the stationary phase and strengthens the conclusions about

rientation of toluene made in our previous study [15] . 

To verify that the frequency of the saturation pulse did not af-

ect the saturation transfer measurement (provided that there is

o direct saturation as discussed above), we performed control ex-

eriments at five different saturation shifts; 2.4 ppm (1200 Hz),

.9 ppm (1450 Hz), 3.4 ppm (1700 Hz), 3.69 ppm (1845 Hz), and

.29 ppm (2145 Hz). In these experiments we used uracil as the

robe molecule and ZIC-HILIC as the stationary phase. The STD-

MR value for the proton in the 6-position of the pyrimidine back-

one of uracil (6.69 ppm) showed a relative standard deviation

RSD) of 1.95%, whereas the RSD for the proton in the 5-position

7.48 ppm) was 11.5%. Data from the latter proton contained one

atum point (at 2.9 ppm) which was a suspected outlier, but a

rubbs’s outlier test showed that this value could not be excluded

ith so few measurements. It was hence included and contributed

o the high RSD for this proton. For comparison, repeated STD-

MR measurements with one probe molecule and one stationary

hase at a single frequency resulted in an RSD of 0.07% in our pre-

ious study of toluene [15] . We therefore concluded that our STD-

MR approach is at least sufficiently precise to expose molecular

rientation, provided the relative difference in saturation transfer

ithin one molecule is ⅔ (67%) or more, whereas if it is ⅓ (33%)

r less, we deem the uncertainty to be too high to draw conclu-

ions on molecular orientation. 

During evaluation of the STD spectra in Fig. 2 it was ob-

erved that significant overlap occurred between some protons sig-

als where the chemical shifts differed by ≈ 0.2 ppm or less.

o determine individual STD values for these protons we applied

 computer-assisted deconvolution into Lorentzian curves. It was

lso observed that signal widths varied significantly between dif-

erent protons in each molecule, as well as for the same proton

n the presence of different stationary phases. Since broad 

1 H NMR

ignals typically indicate strong interactions [26] that cause restric-

ions in molecular movement, we decided to investigate this more
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Table 1 

Retention factors for hydrophilic probes on the tested stationary phases. 

Test probe Abbr. p K a log P OW 

Dipole 

moment 

Retention factor (k’) 

LiChrospher Diol Purospher Star NH 2 ZIC-HILIC 

D 80:20 90:10 95:5 80:20 90:10 95:5 80:20 90:10 95:5 

Benzoic acid BA 4.20 [ 62 ] + 1.88 [ 62 ] 1.78 [ 63 ] 0.58 N/D N/D 10.14 N/D N/D 0.34 N/D N/D 

Benzyltrimethylammonium BTMA N/R –2.17 [ 64 ] 1.74 [ 65 ] 1.35 N/D N/D –0.02 N/D N/D 2.05 N/D N/D 

Methyl glycolate MGL N/R –1.10 [ 66 ] 3.06 [ 67 ] 0.27 N/D N/D 0.26 N/D N/D 0.19 N/D N/D 

Formamide FM N/R –1.51 [ 62 ] 3.73 [ 57 ] N/D 0.58 0.58 N/D 0.41 0.41 N/D 0.65 0.72 

N -Methylformamide NMF N/R –0.97 [ 68 ] 3.83 [ 57 ] N/D 0.47 0.46 N/D 0.35 0.34 N/D 0.39 0.38 

N,N -Dimethylformamide DMF N/R –1.01 [ 62 ] 3.82 [ 57 ] 0.38 0.33 0.30 0.31 0.25 0.24 0.27 0.24 0.21 

Formic acid FA 3.75 [ 62 ] –0.54 [ 62 ] 1.41 [ 69 ] N/D N/M N/M N/D N/M N/M N/D N/M N/M 

Acrylic acid AA 4.23 [ 70 ] + 0.35 [ 68 ] 2.30 [ 71 ] N/D 3.93 10.5 N/D 16.2 31.4 N/D 4.65 12.1 

Methacrylic acid MA 4.45 [ 70 ] + 0.93 [ 62 ] 1.65 [ 69 ] N/D 2.29 5.18 N/D 10.3 17.3 N/D 2.08 4.59 

Imidazole IM 6.99 [ 62 ] –0.08 [ 68 ] 4.17 [ 65 ] N/D 0.88 1.26 N/D 0.53 0.87 N/D 0.69 0.92 

Mobile phases were mixtures of acetonitrile and water at 80:20, 90:10, and 95:5 volume ratios as indicated, containing 5 mM ammonium acetate (in total) at a pH ≈ 6.8. 

Retention factors were calculated from the retention time at the solute peak apices ( t r ) as k’ = ( t r −t 0 )/ t 0 with the corresponding retention times ( t 0 ) of toluene as void 

volume marker. Abbr. indicates compound abbreviation used in this work, log P OW 

are the logarithms of the 1-octanol/water partitioning coefficients. The p K a value for 

imidazole refers to the acid-base equilibrium between the imidazolium cation and neutral imidazole, often is denoted as p K BH + . When possible, we have chosen values 

for p K a , log P OW 

, and dipole moment at 298 K, or interpolated linearly there from data at adjacent temperatures. N/A, not applicable; N/D, not determined; N/M, not 

measureable because the peaks were seriously malformed; N/R, not relevant at the pH used in these experiments. 

Table 2 

STD responses and signal widths for protons of the first set of hydrophilic probes. 

Compound Proton 

Chemical 

shift 

LiChrospher Diol Purospher Star NH 2 ZIC-HILIC 

STD Width STD Width STD Width 

Benzoic acid Aromatic, ortho 7.95 0.61 0.038 0.64 0.058 0.32 0.064 

Aromatic, meta 7.53 0.61 0.032 0.48 0.063 < LOD 0.085 

Aromatic, para 7.45 0.53 0.037 0.52 0.087 < LOD 0.052 

Benzyltrimethylammonium Aromatic, ortho 7.60 0.65 0.054 0.22 0.022 < LOD 0.086 

Aromatic, meta, para 7.52 0.39 0.105 0.22 0.028 < LOD 0.095 

Methylene bridge 4.41 0.32 – 0.22 0.018 < LOD < LOD 

Ammoniomethyl 3.02 (0.78) 0.048 (0.69) 0.018 0.65 0.052 

N,N -Dimethylformamide Formic 7.90 0.68 0.029 0.64 0.024 0.81 0.030 

Aminomethyl, “trans” 3.00 (0.76) 0.035 (0.90) 0.023 0.78 0.041 

Aminomethyl, “cis” 2.76 (0.74) 0.029 (0.98) 0.021 0.91 0.028 

Methyl glycolate Methylene bridge 4.12 0.43 0.033 0.31 0.024 0.42 0.033 

Methoxy 3.74 0.55 0.016 OLS OLS OLS OLS 

Phases were equilibrated with acetonitrile:water 80:20 (v/v) with a total ammonium acetate concentration of 5 mM. Signal widths (full width at half height) and chemical 

shifts are given in ppm. Cis and trans for the DMF methyl groups refer to the formyl proton. OLS, overlapping with solvent; < LOD, below the detection limit (3 ×peak-peak 

baseline noise). Values in parentheses are uncertain because their shifts are close to the frequency of the excitation pulse. 
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ystematically. Hence, signal widths at half maximum were eval-

ated from the reference spectra where no CPMG signal filtering

ad been applied, since such manipulations are designed to reduce

he intensity of broad signals ( ≥ 0.2 ppm) and would thus likely

ffect the signal shapes. Signal width data was extracted for all

rotons where it was possible, using baseline adjustment and de-

onvolution when necessary. The determined signal widths for the

our initial test probes are summarized in Table 2 , together with

TD values extracted from the spectra in Fig. 2 . 

From the data in Table 2 we note that the signals for all the

TMA protons were considerably wider with LiChrospher Diol and

IC-HILIC, indicative of more restrictions in molecular movement

26] . Interestingly, this matched the observations ( cf. Table 1 ) that

TMA was well retained on these two phases, whereas it eluted

head of the hydrophobic void volume marker toluene on Puro-

pher Star NH 2 . Notably, the aromatic protons of BTMA did get

ome saturation transfer from Purospher Star NH 2 despite a neg-

tive retention factor. This underlines the findings from our ear-

ier paper [15] , that unretained compounds are not totally shielded

rom contact with the stationary phase functional groups. Unsur-

risingly, all aromatic protons of BTMA showed higher STD values

ith LiChrospher Diol, where it was retained, compared to Puro-

pher Star NH , where it lacked retention. 
2 
Due to the overlaps in chemical shifts of the methyl protons of

TMA and DMF with the saturation pulse train used with LiChro-

pher Diol and Purospher Star NH 2 , no reliable STD data could be

xtracted for these protons, as explained above. The other protons

n these molecules could be studied though, and since the STD

ata were rather similar for all protons of BTMA, it indicated that

here was no preferential orientation of BTMA with Purospher Star

H 2 , where it was unretained. With LiChrospher Diol, BTMA had

 high saturation transfer to the protons at 7.60 ppm, assigned as

he ortho protons in the aromatic ring, whereas both the methy-

ene bridge protons at 4.41 ppm and the aromatic meta and para

rotons at 7.52 ppm had received less saturation transfer. A pos-

ible explanation could be that the methyl protons, which were

t risk of direct saturation by the pulse train as discussed above,

ould have been in contact with its own ortho protons via forma-

ion of an internal ring structure, but since this elevated STD of the

rtho protons was observed only with LiChrospher Diol, such an

xplanation is less likely and a direct interaction with the station-

ry phase would be the more plausible cause, see also the follow-

ng paragraph. Interestingly the signal was considerably broader for

he aromatic meta and para protons (at 7.52 ppm), compared to the

ther BTMA protons, indicating that these protons were more con-

ned and less free to move. This observation, that the protons with
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Fig. 2. 1 H HR-MAS NMR off-resonance reference spectra and saturation transfer difference spectra of stationary phases in contact with 1 mg/mL benzoic acid (BA), ben- 

zyltrimethyl ammonium ion (BTMA), N,N -dimethylformamide (DMF), or methyl glycolate (MGL) in 80% acetonitrile-d3 and 20% D 2 O with ammonium acetate at a total 

concentration of 5 mM, recorded at 298 K and 500 MHz with 4.2 kHz spinning rate. All spectra plotted at the same magnification, except insets marked as magnified verti- 

cally four times. Numbers above STD traces indicate relative STD. Proton shifts determined in solution are shown in the molecular structures of the probe molecules. These 

shifts were slightly different in the presence of the different stationary phases. The shaded areas indicate the location of the excitation signals (2.74 ppm for LiChrospherDiol 

and Purospher Star NH 2 , and 2.4 ppm for ZIC-HILIC) where STD signals cannot be obtained. Stationary phase structures are shown in Fig. 1 . 
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conditions. 
the highest degree of direct stationary phase contact were not the

same protons which were most restricted in their movement, must

mean that also other species can bind and influence the retained

molecules. The compounds that could take part in such interac-

tions are the eluent constituents, where we previously have shown
hat water [ 11 , 51 ] as well as buffer salt components [ 15 , 52 ] are ac-

umulated in the stationary phase under the repeated equilibration

cheme employed in this work, intended to mimic HILIC separation
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With ZIC-HILIC, the saturation frequency was set at 1200 Hz,

orresponding to a shift of 2.4 ppm, where it poses no risk of

irectly saturating the BTMA methyl protons. Therefore, we have

ccess to STD values from the methyl groups of BTMA and thus

an more easily study differences throughout the molecular struc-

ure. Here we observed a striking difference between the satura-

ion transfer to the methyl protons (0.65) and the aromatic protons

no STD detected), indicating that BTMA had a clear preferential

rientation with its positively charged trimethylammonium group

irected towards the ZIC-HILIC stationary phase and no signs of

ontact with the aromatic protons. This seems rational by consid-

ring the strong negative net charge ( ζ -potential –21.4 mV [15] )

f ZIC-HILIC under the studied conditions. This selective satura-

ion transfer to the methyl protons of BTMA can thus be explained

y coulombic attraction of the quaternary ammonium groups by

he sulfonate groups, distally located on the flexible side chains

f the polymeric sulfobetaine grafted layer of ZIC-HILIC ( cf. Fig.

 ). This, combined with the high water-retaining capability of the

IC-HILIC phase [ 11 , 51 ], seems to have created an efficient barrier

gainst penetration of the aromatic part of BTMA into the grafted

olymer layer, thus effectively orienting the quaternary ammonium

roup towards the surface of the polymeric coating, with the ben-

ylic substituent of the ammonium group pointing away from the

urface and into the bulk eluent. The four times wider peaks of

he aromatic protons with ZIC-HILIC compared with Purospher Star

H 2 also favor an explanation where strong orientation or steric

indrance restricts the tumbling of the molecule near the surface. 

.3. Benzoic acid (BA) 

Benzoic acid yields signals only from its aromatic protons,

hich steer well away from the excitation at shifts between 7.45

nd 7.95 ppm. These signals were distinctly wider on both Puro-

pher Star NH 2 and ZIC-HILIC, compared to LiChrospher Diol ( cf.

able 2 ), although only Purospher Star NH 2 provided a strong re-

ention ( Table 1 ). The saturation transfer to the negatively charged

A was very similar with LiChrospher Diol and Purospher Star NH 2 ,

espite the retention for BA being more than 17-fold higher on

urospher Star NH 2 ( cf. Table 1 ). This substantially higher reten-

ion on Purospher Star NH 2 correlated with the pronounced pos-

tive surface charge of this phase ( ζ -potential + 14.5 mV [15] ), in

ontrast to the negatively charged surface of LiChrospher Diol ( ζ -

otential –11.5 mV [15] ). Still, the STD data indicate that the high

etention of BA on Purospher STAR NH 2 did not result in a more in-

imate contact with the stationary phase. This could be related to

ur previous observations that Purospher Star NH 2 accumulates a

ater layer almost twice the thickness of that gathered on LiChro-

pher Diol [11] , and that the water layer on Purospher Star NH 2 

eems to be more structured, possibly initiated by self-association

f the aminopropyl group with underlying free silanol groups [15] .

lectrostatic interaction forces between a charged plane and a

ointy charge level off in inverse proportion to the inter-charge

istance, as opposed to other polar interactions (hydrogen bonding,

harge–dipole, and dipole–dipole), where the interaction forces de-

rease with the inverse distance between the interacting members

o a power of between two and six, depending on the orientation

nd the abilities of the parties involved in the interaction to rotate

reely [53] . Taken together, the thick D 2 O layer would make close

ontact of the aromatic protons of BA with the saturated methy-

ene protons of Purospher Star NH 2 difficult, although electrostatic

nteractions would still promote high retention of this negatively

harged species due to their relatively “long reach”. 

On the ZIC-HILIC stationary phase, the protons of BA in the or-

ho position, closest to the carboxyl group, experienced some STD

0.35) whereas the meta and para protons did not show any STD

bove the detection limit of the STD-NMR method, which previ-
usly has been estimated to ≈ 0.05 [15] . The BA thus showed dis-

inct signs of preferential orientation of its negatively charged car-

oxylic group towards the zwitterionic stationary phase, despite

he strong negative net charge of ZIC-HILIC ( vide infra ), and ab-

ence of detectable contact with the more distant part of the aro-

atic ring. The saturation transfer to BA was significantly lower

ith ZIC-HILIC than the other phases, signifying that the contact

ith the stationary phase was more limited. As stated above, this

id, however, not prevent the signals of the BA protons from be-

ng broadened similarly with ZIC-HILIC as with the highly reten-

ive Purospher Star NH 2 , thus indicating a similar degree of restric-

ions in molecular movement for BA on these two phases. We at-

ribute the molecular orientation and the lower ability of BA to get

n close contact with the polymer chains of ZIC-HILIC, to molecu-

ar movement constraints in the thick accumulated D 2 O layer on

he zwitterionic phase [11] . We also noticed that the aromatic ring

f BA seemed to have penetrated more deeply into the wetted

tationary phase environment compared to that of BTMA, possi-

ly due to BA being a smaller molecule and its lack of methylene

ridge spacer between the charge and the aromatic moiety, and

he fact that the sulfobetaine zwitterions could carry their positive

harge deeper into the structure. 

.4. Dimethylformamide (DMF) and methyl glycolate (MGL) 

As explained above, the neutral probe DMF suffered from the

ame destructive overlap problems as BTME when 20% (v/v) D 2 O

as used in the equilibration solutions, i.e. , the frequency of the

aturation pulse train used for Purospher Star NH 2 and LiChro-

pher Diol (2.74 ppm) overlapped with the shift of the two methyl

rotons in DMF (2.76 and 3.00 ppm). No conclusions could there-

ore be drawn on the molecular orientation from the STD data

ith LiChrospher Diol and Purospher Star NH 2 . With ZIC-HILIC, we

bserved a distinct and similar saturation transfer to all protons,

inting that DMF had been in close proximity with the station-

ry phase but not specifically oriented in any direction. The formyl

roton, which we could evaluate on all three stationary phases, ex-

erienced about 25% higher saturation transfer on ZIC-HILIC com-

ared to the two other materials, suggesting that DMF had inter-

cted slightly more strongly with this phase. 

For the neutral MGL probe, there was an unfortunate overlap

etween the shift of its methyl protons and the signal from protons

f associated HDO molecules (from residual protons in the D 2 O

nd from ammonium acetate) with the Purospher Star NH 2 and

IC-HILIC phases. This effectively masked any saturation transfer,

liminating all possibilities to deduce molecular orientation since

nly the methylene bridge protons could be detected confidently.

omparing the saturation of this proton across the three station-

ry phases revealed that it received considerably lower saturation

ransfer from Purospher Star NH 2 , again displaying that the direct

ontact between retained molecules and the saturated propylene

hain protons on Purospher Star NH 2 was limited. With LiChro-

pher Diol, the saturation transfer to MGL was about 20% higher

o the methylene bridge protons compared to those of the methyl

roup, but without additional data we consider this difference too

mall to conclude with certainty that MGL had any favored orien-

ation. 

In our previous study of neutral probes for HILIC retention [11] ,

MF and MGL were better explained by an adsorption type rather

han a partitioning type retention model when compared by a

ultivariate study across several stationary phases. Intuitively one

ould expect that molecular orientation would be a convincing in-

ication of retention by adsorption rather than partitioning, but

n these STD-NMR experiments we could not find any strong ev-

dence that these molecules were oriented in the vicinity of the

tationary phase. This should not be interpreted as a lack of ad-
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sorptive interactions such as hydrogen bonding and dipole-dipole

interactions, but it hints that partitioning and adsorption could

be concurrent retention mechanisms for these small neutral hy-

drophilic molecules at the present conditions, with 20% water in

the medium. 

3.5. Conclusions from the initial test set of hydrophilic molecules 

In summary, we can thus conclude that the overall net charge

of a stationary phase seems to have limited influence on the

molecular orientation of small charged molecules in HILIC, and

that the microenvironment in the immediate vicinity of the charge

is a much more significant factor. These results raise some ques-

tions regarding the assumptions made for mechanistic discussion

of retention in the electrostatic repulsion mode of HILIC (also

called “ERLIC”) [54] , although those studies were performed with

significantly larger peptide molecules that may be more receptive

to the macroenvironment and also would have more opportunities

of spatial arrangements and orientation. 

Instead, the presence of a distinctly hydrophobic moiety, such

as the aromatic phenyl groups of BTMA and BA, does seem to

be a more significant predictor for whether an overall hydrophilic

molecule will orient or not. Moreover, the tendency of molecular

orientation in the vicinity of a hydrophilic stationary phase un-

der HILIC-like conditions does seem to correlate with the amount

of water adsorbed on the stationary phase and with orientation

less likely with low amounts of immobilized water. In our pre-

vious STD-NMR study [15] , it was noted that toluene had a pre-

ferred orientation of the aromatic protons away from the station-

ary phase, regardless of the amount of D 2 O in the test solution,

when Purospher STAR NH 2 was employed as stationary phase. No

such alignment effects could not be observed with LiChrospher

Diol, whereas with ZIC-HILIC, the orientation of toluene seemed to

occur around 10% D 2 O in the test solutions, and this was more pro-

nounced and extended to a wider range of acetonitrile admixture,

when there was a buffer electrolyte present. We observed similar

tendencies when studying the preferential retention model (par-

titioning or adsorption) for neutral molecules on a set of different

HILIC stationary phases [11] . There we noted that substances which

had a higher tendency to adhere to an adsorption type retention

model also tended to have amphiphilic molecular structures with

distinctly hydrophobic and hydrophilic regions. 

All this indicates that the presence of water at the stationary

phase interface plays a significant role in the molecular orienta-

tion, and the strong influence of aromatic moieties on the molec-

ular orientation of BTMA and BA may be considered as manifes-

tations of the hydrophobic effect [55] , i.e. , the tendency of water

to exclude non-polar molecules, which otherwise would disrupt its

dynamic internal hydrogen bonding that is causing its high cohe-

sive energy. It might be noted that our observation of molecular

orientation could also be caused by increased viscosity of water in

the surface layer of hydrated silica [56] . 

3.6. A designed set of structurally related hydrophilic probe molecules

The limited amount of data we could extract with the set of

four molecules BTMA, BA, DMF and MGL due to overlapping sig-

nals from the stationary phases, from the saturation pulse train, or

from HDO associated with the stationary phases, prompted us to

look for other probe molecules with more suitable chemical shifts.

We also chose to lower the D 2 O contents in the test solutions to

5 and 10% (v/v), whereby we expected the probe molecules to be

forced into a more intimate contact with the protons on the sta-

tionary phase ligands due to the envisaged higher retention fac-

tors and thinner D 2 O layers. The lower D 2 O content was also ex-

pected to result in more distinct adsorption type interactions, since
ess D 2 O will be accumulated on the stationary phase surfaces un-

er these conditions [11] . We also adapted the frequency of the

aturation pulse to 1848 Hz (3.70 ppm) in order not to interfere

ith the chemical shifts of any of the protons in the studied probe

olecules, while still matching chemical shifts of the protons in

he stationary phase structures. 

In this section we studied the neutral probes formamide (FM),

 -methylformamide (MFM) and N,N -dimethyl formamide (DMF),

ogether with the negatively charged compounds formic acid (FA),

crylic acid (AA), and methacrylic acid (MA), plus the partially pos-

tively charged base imidazole (IM). We expected that the struc-

ural similarities of these compounds would allow us to draw con-

lusions on how hydrophobic substituents affect the molecular in-

eractions with the stationary phases, hence providing a better in-

ight into the contributions from adsorption type interactions such

s electrostatic, hydrogen bonding, and dipole-dipole directly with

he stationary phase ligands, as opposed to retention mediated

y partitioning into a D 2 O-enriched liquid layer on the stationary

hase surface. 

Again, we first collected chromatographic retention data for the

ompounds with the same stationary phases (LiChrospher Diol,

urospher STAR NH 2 , and ZIC-HILIC) at the eluent conditions that

ould be used in the STD-NMR experiments ( i.e. , 5 and 10% wa-

er in acetonitrile, with ammonium acetate added to a final con-

entration of 5 mM) using non-deuterated solvents. These data are

ummarized in Table 1 together with basic polarity characteristics

f the compounds such as p K a and log P OW 

, and dipole moment.

e failed to record exact retention times for formic acid, since the

eaks were seriously malformed. It was clear, however, that the

etention of formic acid exceeded those of AA and MA on all sta-

ionary phases and conditions in these experiments. 

We then performed STD-NMR experiments with the new set

f seven probe molecules equilibrated with the three bonded sta-

ionary phases under solvent conditions corresponding to the chro-

atographic eluent conditions, albeit with D 2 O and acetonitrile-d 3 

nstead of water and acetonitrile. As previously, solution phase 1 H -

MR spectra were recorded under the selected solvent conditions

o assign chemical shifts to all protons for the STD-NMR spectra

valuation. The acidic hydrogens in the probe molecules could still

ot be studied since they exchanged with the deuterated solvents.

pectra recorded for FM, NMF and DMF during these experiments

re provided as supplemental material in Fig. S1a-b and in Fig. S2a-

 for FA, AA, MA and IM. STD values and signal width data, deter-

ined as outlined above, are summarized in Table 3 . 

.7. Assessment of the neutral probe molecules FM, NMF, and DMF 

The 1 H HR-MAS NMR spectra of formamide (FM), N -

ethylformamide (NMF), and N,N -dimethylformamide (DMF) in

ontact with the selected stationary phases in acetonitrile-d3 con-

aining 10 and 5% D 2 O and 5 mM ammonium acetate, are shown in

igures S1a and S1b along with their proton STD responses. These

hree formamides are neutral under the test conditions and have

imilar and strong dipole moments (FM, 3.73; NMF, 3.83; DMF,

.82 Debye [57] ), whereas their hydrogen bond donor capability

ecreases with the number of methyl substituents on the nitrogen,

nabling a study of the extent of hydrogen bonding in the interac-

ion with the stationary phases. DMF and NMF have similar log P OW 

alues (–1.01 and –0.97), whereas FM (log P OW 

–1.51) is distributed

bout three times more strongly towards water, reflecting a higher

olarity. The retention factors of the formamides in Table 2 de-

reased in the order FM > NMF > DMF on all three phases, which

ollows a trend of decreasing hydrogen bonding donor capability

ue to methylation of the amide nitrogen. The sequential substi-

ution of a methyl group for a proton in the series is also leading

o an increase in the hydrophobic effect, i.e. , the energetic cost of
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Table 3 

Relative saturation transfer difference and line widths for the protons of the second set of small test probes. 

Test Probe Proton Shift 

LiChrospher Diol Purospher Star NH 2 ZIC-HILIC 

90:10 95:5 90:10 95:5 90:10 95:5 

STD Width STD Width STD Width STD Width STD Width STD Width 

Formamide Formyl–H 8.05 0.61 0.022 0.77 0.026 0.20 0.032 0.33 0.032 0.76 0.031 0.72 0.052 

N -Methylformamide Formyl–H 8.02 0.74 0.022 0.84 0.029 0.21 0.034 0.30 0.031 0.69 0.031 0.61 0.058 

N–C H 3 2.70 0.79 0.030 OLW OLW 0.49 0.037 OLW OLW 0.73 0.046 OLW OLW 

N,N -Dimethylformamide Formyl–H 7.90 0.66 0.034 0.67 0.042 0.46 0.026 0.45 0.025 0.56 0.039 0.40 0.058 

N–C H 3 (trans) 3.00 0.56 0.048 0.66 0.065 0.58 0.031 0.54 0.031 0.40 0.057 0.35 0.127 

N–C H 3 (cis) 2.76 0.68 0.038 0.64 0.058 0.57 0.026 0.55 0.030 0.48 0.039 0.31 0.067 

Formic acid Formyl–H 8.28 0.76 0.035 0.84 0.034 0.46 0.079 0.39 0.073 < LOD 0.220 0.33 ∗ 0.511 

Formyl–H 8.24 0.73 0.033 – 0.032 – – – – – – – –

–"–, in solution 8.14 – 0.025 – 0.023 – 0.017 – – – 0.020 – 0.021 

Acrylic acid = C H (cis) 6.34 0.53 0.031 0.59 0.074 0.31 0.035 0.59 0.093 0.26 ∗ 0.209 < LOD < LOD - 

–"–, in solution – – – – – – – – – – – – 0.019 

= C H (trans) 6.14 0.71 0.079 0.58 0.089 0.52 0.127 0.57 0.090 0.39 0.143 < LOD < LOD 

–"–, in solution – – – – – – – – – – – – 0.040 

–C H = 5.89 0.58 0.072 0.65 0.109 0.37 0.092 0.51 0.098 < LOD 0.253 < LOD < LOD 

–"–, in solution – – – – – – – – – – – – 0.039 

Methacrylic acid = C H (cis) 5.88 0.67 0.075 < LOD 0.109 0.36 0.057 0.47 0.070 < LOD < LOD < LOD < LOD 

= C H (trans) 5.49 0.69 0.071 < LOD 0.100 0.43 0.062 0.51 0.071 < LOD < LOD < LOD < LOD 

–C H 3 1.87 OLS OLS < LOD 0.015 OLS 0.025 < LOD < LOD 0.15 0.015 < LOD < LOD 

Imidazole C2 7.81 0.48 0.125 0.80 0.119 0.34 0.070 0.50 0.073 0.81 0.160 0.27 ∗ 0.204 

–"–, in solution – – – – – – – 0.015 – – – 0.033 

C4, C5 7.04 0.49 0.115 0.76 0.135 0.36 0.053 0.52 0.060 0.53 ∗ 0.199 0.23 ∗ 0.226 

–"–, in solution – – – – – – – – – – – 0.037 

Phases were equilibrated with acetonitrile:water 90:10 or 95:5 (v/v) with a total ammonium acetate concentration of 5 mM. Signal widths (full width at half height) and 

chemical shifts are given in ppm. Cis and trans for the DMF methyl groups refer to the formyl proton. Cis and trans for the acrylic and methacrylic acid protons refer to the 

carboxylic carbon. OLW, overlapping with water protons; OLS, overlapping with solvent protons (residual CD 2 H CN); < LOD, below detection limit (three times peak-peak 

noise for the STD signal). ∗Values marked with a star are uncertain because their widths are close to or above the CPMG filter threshold of 0.2 ppm. 
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reaking the tight hydrogen bonding structure when one or two

 -methyl groups are transferred into the D 2 O-enriched layer. 

All three formamides have a formyl proton available for report-

ng, with shifts of 8.05, 8.02, and 7.90 ppm for FM, NMF, and DMF.

his is the only proton available for reporting on FM, which means

hat no orientation information can be derived. The N -methylated

ormamides have methyl protons that can be used to reveal if

ransfer of saturation has taken place with the probes in a prefer-

ntial orientation in relation to the saturated protons on the phase

igands. 

For a start, we can conclude from the STD values in Table 3 ,

hat the only compound where the formyl and methyl protons did

rovide any distinct information revealing a preferential orienta-

ion, was for NMF on Purospher STAR NH 2 in 10% D 2 O. Here the

aturation transfer to the methyl protons was more than twice as

fficient as to the formyl proton, indicating that the amine part

f NMF had been preferentially oriented towards the stationary

hase surface. With the other two stationary phases this alignment

f NMF did not pertain, again possibly confirming that Purospher

TAR NH 2 forms a more structured water-enriched layer that pro-

otes molecular orientation. The effect could unfortunately not be

tudied at 5% D 2 O due to signals from H DO overlapping with the

ethyl protons. The STD difference within DMF was similar across

ll three stationary phases (21-40%), but this difference was lower

han the limit of 67% we set tentatively. The consistency across

he stationary phases do suggest though that DMF orients, which

ould be supported by the conclusion in our previous multivari-

te investigation of interaction mechanisms in HILIC, where DMF

as identified among thirteen selected test solutes as best fitting

dsorption (as opposed to partitioning) as its dominating retention

echanism, when evaluated on twelve different stationary phases

11] . NMF was not part of the test set in that study. 
u  
We can also conclude from Table 1 that the retention factors

f these small and polar compounds were rather low ( k’ = 0.72

or FM on ZIC-HILIC being the highest value) and also surprisingly

imilar between 5 and 10% D 2 O in the test solutions for all three

ompounds on all the phases. We then consider the recorded sat-

ration transfer differences at the three stationary phases, first on

iChrospher Diol. All three probes showed a high degree of satu-

ation transfer from this phase, both at 5 and 10% D 2 O in the test

olutions, with values ranging from 0.56 to 0.79. When changing

rom 10 to 5% D 2 O in the test solutions, the response in terms of

ncreased STD was highest for FM (from 0.61 to 0.77), with NMF

omewhat lower, albeit at a higher overall level (from 0.74 to 0.84

or the comparable formyl proton). For DMF we found no signifi-

ant differences in the STD values at 5 and 10% D 2 O. This means

hat decreasing the D 2 O concentration (which according to a parti-

ioning model should force these highly polar compounds into the

hrinking D 2 O-enriched layer) affected the hydrogen bond donors

M and NMF, but not DMF, which lacks protons with hydrogen

ond donor capabilities. 

On ZIC-HILIC we noted an even clearer pattern of a similar

ind. The formamide probes received increasing saturation trans-

er in order of increasing polarity and hydrogen bonding capabil-

ty, with both 5 and 10% D 2 O in the test solutions. Yet the lev-

ls of STD were invariably lower when the solutions contained 5%

 2 O and the NMR signals were about twice as wide. We have

n a previous work shown that ZIC-HILIC has a very steep water

ptake curve [11] . This could indicate that the low D 2 O concen-

ration forces these small, highly polar solutes into D 2 O-enriched

pools”, orchestrated by the side chain ligands of the grafted poly-

er tentacles, carrying sulfobetaine moieties with a terminal sul-

onic acid group. Clustering of ionic groups in organic ionomers is

ell known from Nafion, an ion-conducting polymer that owes its

nique cation transport properties to nanometer-sized water clus-
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ters lined with sulfonic acid groups [58] . A salient feature of sul-

fobetaine zwitterionic polymers is their “antipolyelectrolyte” prop-

erties due to the high dipole moments established by the charged

groups. These inter- and intra-chain ionic associations are mani-

fested only in the presence of electrolytes that can shield the per-

manent charges in the polymer side chains. Phases grafted with

brushes of such polymers can therefore undergo self-association,

which radically decreases the polarity and water-retaining capacity

[59] . The unexpected decrease in STD we see for DMF (and im-

idazole, see below) at the lowest concentration of D 2 O could be

caused by salt- and temperature-induced phase transitions, which

are unique to interactive layers with zwitterionic polymer brushes

[59] . 

Although the elution order on Purospher Star NH 2 matched

the FM > NMF > DMF order seen on the other two phases, the

STD patterns were opposite, i.e. , highest for DMF, in particular its

methyl protons, followed by NMF and lowest for the formyl pro-

tons on FM and NMF. Interestingly also the signal width followed

a different trend on Purospher Star NH 2 compared to the other

phases and stayed more or less the same at the different levels

of acetonitrile-d 3 instead of showing increasing signal widths with

less D 2 O. 

3.8. Discrimination in electrostatic interactions 

The remaining four of the seven additional test probes can un-

dergo dissociation/protonation under the test conditions and are

therefore discussed in terms of electrostatic interactions, since

these seem to dominate for charged solutes. Before we start, let us

be clear that addition of 5 mM ammonium acetate to the eluents

and the corresponding test solutions in NMR is hardly a proper

buffering procedure, since the pH will be floating around 7. This

is midway between the p K a values of acetic acid (4.76) and am-

monium ion (9.25), at which pHs this salt addition would have

at least some buffering capacity. Yet this practice is still common

in HILIC, so in order to produce data that are relevant to users of

the technique we chose to stick with this “buffering” scheme. With

this in mind, we can discuss the remaining test probes. Formic,

acrylic, and methacrylic acids have aqueous p K a of 3.75, 4.23, and

4.45, respectively, whereas imidazole is a base which in its pro-

tonated form has a p K a of 6.99 ( cf. Table 1 ). Although acetonitrile

is a polar solvent, the high concentrations used in these experi-

ments will shift the dissociation and protonation equilibria towards

the uncharged species. For acids the apparent p K a s will therefore

increase, whereas for protonated imidazole it will decrease. There

are elegant ways to estimate the actual pH and levels of dissocia-

tion in eluents based on rigorous calibrations in water and solvent

mixtures [60] , but the actual pH in the water-enriched layer close

to pore surfaces, which is what we have set out to investigate in

this work, cannot be modeled by such methods. Let us therefore

just accept that the carboxylic acid probes will be reasonably well

dissociated, and that imidazole will be slightly protonated under

the prevailing conditions. 

Reference and STD-NMR spectra of formic acid (FA), acrylic

acid (AA), methacrylic acid (MA), and imidazole (IM) in 90:10 and

95:5 (v/v) acetonitrile-d3/D 2 O with 5 mM ammonium acetate are

shown in Fig. S2a and S2b. The STD data from these spectra are

listed in the lower part of Table 3 along with widths of the NMR

signals acquired without CPMG filtering. In the chromatographic

tests, all three acid probes FA, AA, and MA had substantial re-

tention on all three stationary phases. Exact retention times for

formic acid could not be obtained, since the peaks were severely

malformed. A likely cause of this is the lack of proper buffering in

combination with FA being the strongest of the tested acids. 

As can be noted from Table 3 , most STD signals for the charged

solutes in the presence of ZIC-HILIC were below the detection
imit and the widths showed excessive broadening, and also MA

n LiChrospher Diol at 5% D 2 O was below the detection limit and

ad a rather wide signal. Some visual hints as to the reason for

his can be found in Figures S2a and S2b where the reference sig-

al intensities for ZIC-HILIC tended to be particularly low com-

ared to intensities for the other stationary phases plotted on

he same scale. As highlighted with earlier probes, including the

harged molecules BTMA and BA, but also with the three neutral

ormamides, the unfiltered NMR signals used to determine widths

ended to be broader on ZIC-HILIC compared to the other station-

ry phases, especially at lower levels of D 2 O. Since broadening of

 signal will inevitably decrease its intensity if the total area re-

ains the same, it is not surprising that ZIC-HILIC was the station-

ry phase that experienced a high number of signals below the

etection limit for the charged acids in this second set of probes. 

Recalling that the reference spectra were recorded with CPMG

ltering, which effectively removes signals below 100 Hz ( ≈ 0.2

pm width) and reduces the intensities of signals in the vicin-

ty of this frequency, makes any STD values determined on such

ide signals highly uncertain and irrelevant to discuss. We there-

ore chose to disregard all STD values determined for signals that

xceeded 0.15 ppm, thereby essentially nullifying the number of

harged compounds that could be discussed in the context of

IC-HILIC since only two protons qualified and one of them was

lose to this limit. A seemingly reasonable explanation for the

ore excessive signal broadening with ZIC-HILIC would be its na-

ure with polymeric sulfobetaine chains grafted to silica parti-

les [15] that could constitute a more restrictive environment for

olecular movement, thus resulting in broadened NMR signals

37] . 

Probes that are strongly retained and enriched during the re-

eated equilibration used in the sample preparation procedure,

nd which interact strongly with the stationary phase, will even-

ually disappear from the reference spectra since signal widths ap-

roaching or exceeding the CPMG filter threshold will be atten-

ated and filtered out. As mentioned above, a fast k off is needed

n the rate equation of the binding event leading to saturation

ransfer, in order to efficiently carry the saturated ligand back into

ulk solution for detection. However, the contact time cannot be

o short that it prevents transfer of saturation from the stationary

hase to the reporting solute. This means that very strong interac-

ion such as ionic interactions, or rather weak binding events, both

an give rise to vanishingly small responses in STD spectra. The

ack of an STD response does therefore not always imply that the

igand does not bind [61] . 

Conversely, if a probe is strongly retained, and gets apprecia-

le amounts of STD but only shows limited broadening, this would

ndicate a barrier towards intimate interaction with the stationary

hase and that the exchange rate from that retained environment

s not much restricted. The retention factors for the acid probes

ere exceedingly high on Purospher Star NH 2 compared to the

ther materials ( Table 1 ); for acrylic acid in 5% D 2 O, the recorded

’ was no less than 31.4. Still high STD signals were produced for

crylic acid with the amino phase, ranging from 0.39 to 0.59 in

% D 2 O and 0.31 to 0.52 in 10% D 2 O, while the signal broadening

anged from 0.035 to 0.127 ppm. Thus, it again appears that Puro-

pher Star NH 2 is somewhat shielded from the strongest interac-

ions, which is in line with previous data [15] . Although the acidic

robes had considerably less retention on LiChrospher Diol, the

aturation transfer was higher than for Purospher Star NH 2 . Signal

idths were comparable except for imidazole, where the broaden-

ng was about double on LiChrospher Diol compared to Purospher

tar NH 2 . Since imidazole had a higher retention on LiChrospher

iol, a first conclusion could be that it offered a more intimate

ontact with the ligand methylene spacers of this phase. 
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The one charged compound that displayed a pattern of orienta-

ion without experiencing too wide signals that would question the

alidity of the STD values, was noted for acrylic acid on Purospher

tar NH 2 at 10% D 2 O, where the proton cis to the carboxylic acid

ad received 68% higher STD value compared to the trans proton

n the same carbon, barely qualifying for the set orientation crite-

ion. Similar but weaker orientation trends were noted for acrylic

cid on LiChrospher Diol and ZIC-HILIC, but the signal broadening

or ZIC-HILIC was so strong that is was close to, or exceeding the

.2 ppm filter cut-off. The recorded STD values could therefore not

e trusted. 

Finally, we want to turn the attention to a phenomenon that

ppeared for formic acid across almost the entire range of con-

itions and stationary phases, and for acrylic acid and imidazole

nly with ZIC-HILIC at 5% D 2 O, namely that some protons appeared

t different chemical shifts, both as an excessively broadened sig-

al (or even completely suppressed by the CPMG scheme, as high-

ighted above) and as a sharp well-defined signal without satura-

ion transfer. The sharp signal without saturation transfer is re-

erred to as “in solution” in Table 3 , and could be understood as

 different population that experiences a bulk-like solvent environ-

ent without contact with the stationary phase. Formic acid did

lso show an additional “signal split” on the LiChrospher Diol at

0% D 2 O where both signals had received an appreciable amount

f STD, possibly implying that formic acid was present in two

ompartments which might be speculated to consist of a primary

onolayer and a secondary partially filled adsorption layer of wa-

er which was particularly thin on LiChrospher Diol as documented

n an earlier study [11] . A likely reason why only formic acid ex-

erienced this “signal split”, could be that it actually is a more hy-

rophilic compound than the acetate ion, which was employed as

 buffer salt, and thus might have displaced acetate fully during

he sample preparation. The fact that we did not observe this “sig-

al split” on Purospher Star NH 2 , might again be attributed to a

ore shielded stationary phase as discussed above and concluded

reviously [15] , or alternatively, that the capacity of this station-

ry phase for retention of negative electrolyte species is higher as

uantified previously [52] , meaning that it was not as saturated

ith formic acid during the sample preparation. Yet, these observa-

ions could equally likely be due to slow exchange. In future work

e would therefore like to vary the temperature to see if the line

hapes are affected. 

. Conclusions 

The STD-NMR experiments accounted for above has given us a

limpse into the hidden world of retention mechanisms, by report-

ng how close , and in favorable cases which part of a solute has

een in sufficiently close contact with the stationary phase ligand

o receive saturation transfer. It is evident from the results that the

unctional groups on the stationary phase surface have a strong

ontribution to the selectivity in HILIC. With this work as a guide,

thers may be more successful in finding compounds that could

etter probe the various contributions to the retention process. A

resent limitation is that phases based on pure silica cannot be

ested. This would have been particularly interesting, since naked

ilicas are the phases showing the highest contribution of adsorp-

ion. We still hope that we have illustrated that STD-NMR can be

sed as a powerful tool to investigate interactions between ana-

ytes and polar chromatographic phases. 
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