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ABSTRACT
A four-site exchange model is developed in order to explain deuterium T1-nuclear magnetic relax-
ation dispersion (NMRD) profiles of acetonitrile in silica pore systems. The four-site exchange model
comprises a bulk, surface and two types of burried or cavity sites. It is found that the residence timeof
acetonitrile-d3 at a flat Si-surface is less than 100 ps. No bilayer-like ordering of acetonitrile is formed
at the Si-surface because no quadrupole splittingwas observed. The dispersion in the deuterium T1-
NMRD profiles are due to relatively few so-called β-sites with molecular residence time in the range
0.2–2micro seconds. This deuterium T1-NMR dispersion experiment suggest that the retention time
of different analysts can be studied in terms of their residence time in β sites.
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1. Introduction

The translational and reorientation diffusion of solvent
molecules are generally perturbed in different ways near
solid surfaces and in confined spaces: typically, the sin-
gle molecule reorientation correlation time increases and
translational diffusion is hampered. These effects are due
to interactions with the solid surface, which is com-
paratively inflexible in its response to the liquid phase.
This may be important for understanding the mech-
anisms governing molecular separation in hydrophilic
interaction chromatography (HILIC) [1]. Aqueous ace-
tonitrile solutions are commonly used as the mobile liq-
uid phase in HILIC, so to better understand why differ-
ent analytes exhibit different HILIC retention times, we
investigated the interaction between acetonitrile (which
has a large dipole moment of 3.92D) and various silica
surfaces with different pore sizes. In nuclear magnetic
relaxation dispersion (NMRD) experiments, one mea-
sures the frequency dependence of spin-lattice relaxation
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rates, which can yield valuable dynamic and structural
information on molecular properties at silica surfaces.
In the strong narrowing regime, the NMR-relaxation
times T1 and T2 can be expressed in terms of a spec-
tral density function that contains information about
micro-structures and relevant molecular dynamics [2].
To obtain molecular structural and dynamic informa-
tion, however, the frequency dependence of the spec-
tral density function must be determined. That is, the
relaxation times must be measured over a wide range
of magnetic field strengths. NMRD involves using fast-
field-cycling techniques to conduct such measurements
[3]. For instance, using commercial relaxometer Stelar
FFC 2000 the spin-lattice relaxation time (T1) is mea-
sured over an almost continuous range of magnetic field
strengths between 0.0002 and around 1 Tesla. When
applied to silica pore systems, the field dependence of
the relaxation time of acetonitrile may reveal slow pro-
cesses characterised by correlation times which are the
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inverse of the Larmor frequency. Deuterium (D) is a
quadrupole nucleus with spin I = 1 for which the spin
relaxation is dominated by the quadrupole interaction.
For CD3CN confined in silica pores the field dependence
of T1 provides information about single molecular reori-
entation motions or residence lifetimes at the silica sur-
face. These results give a new view of what is the molec-
ular mechanism behind the retention time in HILIC and
an overview of previous work on this subject is given in
Appendix 2.

Pure acetonitrile and acetonitrile-water solutions have
been subject of a great deal of experimental spectro-
scopic work as summarised byGriffiths [4], and have also
been studied using molecular dynamics (MD) simula-
tions [5] in conjunction with NMR-relaxation measure-
ments [6,7]. More recently, acetonitrile confined in silica
pore systems has been studied usingNMR spin relaxation
measurements [8] and with MD [9–13]. It is well docu-
mented that the reorientation of bulk solvent molecules
is slowed down at interfaces with solids such as silica
glasses or proteins [14]. In silica systems, this retardation
is partly due to hydrogen bonding interactions between
the liquid molecules and silanol surface groups. In the
context of protein hydration, two distinct types of solvent
molecule can be distinguished: internal and external.
Internalmolecules occupy cavities within the protein and
exchange with the external bulk solution on a timescale
of 0.1–5 μs [14,15]. Conversely, externalmolecules reside
in the surface layer, which has a thickness of one or
two diameters and is characterised by reorientation dif-
fusion, which occurs more slowly than in the bulk solu-
tion. This conceptual framework is also applicable to
NMR relaxation in silica pores. A key challenge when
studying the interaction of solvents and silica surfaces by
NMR is to develop a model that relates the bulk solvent’s
NMR-relaxation times to the intrinsic relaxation rates
of molecular populations confined at a rough surface
with a network of cylindrical pores containing bends and
other irregularities. This paper presents a new relaxation
model and uses it to analyse the deuterium T1- NMRD
relaxation of CD3CN in aqueous acetonitrile solutions
confined in modified silica pores with diameters of 60
and 100Å.

The model displayed in Figure 1 assumes the exis-
tence of three different sites or populations of acetonitrile
molecules all in fast exchange with the bulk population.
The schematic depiction of the four-sitemodel comprises
a magnification of the cylinder pore where the surface
unevenness are shown. The flat part of the pore surface
is denoted (external) population (S) then we introduce
two types of cavities with different internal populations
and denoted β1 and β2. The latter are needed explain
the observed relaxation dispersion at low fields. Figure 1

also shows the cylindric pores forming the macroscopic
sample.

Previous publications describing MD simulations and
NMR-relaxationmeasurements of acetonitrile-silica pore
systems have neglected β-type sites. The molecular res-
idence times of acetonitrile in β-sites are found to be
about 2–3 and 0.2–0.4 μs, and did not differ apprecia-
bly between the various modified silica surfaces studied
in this work. Themain difference between the studied sil-
ica surfaces in terms of their interactionswith acetonitrile
molecules seems to relate to their different numbers of β
sites. This suggests that β sites play a central role in the
molecular mechanism that determines analyte retention
times on silica surfaces. These results give a new view of
what is the molecular mechanism behind the retention
time in HILIC and an overview of previous work on this
subject is given in Appendix 2.

2. Materials andmethods

2.1. Reagents andmaterials

Ammoniumacetate (≈ 98%)was purchased fromSchar-
lau Chemie (Barcelona, Spain). HPLC-grade toluene
and acetonitrile were obtained from Fisher Chemi-
cals (Loughborough, UK). Perdeuterated acetonitrile-
d3 (CD3CN; 99.8 atom % D) was obtained from
Sigma–Aldrich (Steinheim, Germany). The tested sta-
tionary phases are shown in Figure 2 and their specifi-
cations are given in Tables 1 and 2. All phases are based
on fullymesoporous silica supports obtained fromMerck
KGaA (Darmstadt, Germany) and Kromasil (AkzoNo-
bel, Bohus, Sweden).Waterwas purified using aMillipore
(Bedford,MA,USA)UltraQ purification system and had
a resistivity of ≥ 18M � cm at 25◦ C.

2.2. Sample preparation for NMR

Test solutions were prepared by mixing acetonitrile-d3
with water containing ammonium acetate in a ratio of
90/10 (V/V) to obtain a weakly buffering neutral range
(pH = 6.8) with a final ammonium acetate concentra-
tion of 5mM. Samples of each stationary phase type were
prepared in NMR tubes (10mm in diameter) by weigh-
ing 0.41 g of dry material and then adding 1ml of solvent
to form a suspension. After sedimentation, the excess sol-
vent on top of the precipitated silica stationary phaseswas
removed.

2.3. 2H spin-lattice relaxationmeasurements
2H NMRD experiments were performed using a Ste-
lar FFC 2000 fast-field-cycling instrument (Stelar, Italy)
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Figure 1. Schematic depiction of the four-site relaxation model with the corresponding correlation times and mole fractions.

Figure 2. The studied silica solids 1–5.

equipped with a STELAR VTC90 variable temperature
controller unit. The sample temperature was maintained
at either 25◦C or 35◦ C with an accuracy of ±0.1◦C
according to the VCT unit. The longitudinal relaxation
rate R1 for each sample was determined using static field
strengths ranging from Bmin = 0.0002 T to about 0.71
T. The pre-programmed pre-polarisation sequence was
used at low fields, and the non-polarising sequence was
used at higher fields (≥ 0.28 T). The switching time
between the polarisation and relaxation fields is 5ms,
with a 90◦ pulse length of 31 μs.

High field deuterium NMR spectra were recorded at
76.77MHz for the ZIC-HILIC phase (solid 5) using a
Bruker Avance III 500MHz spectrometer equipped with
a 4mm magic angle spinning (MAS) probe. To detect
residual quadrupole splitting, a solid echo spectrum was
recorded using a 90◦ excitation and refocusing pulse
of 6.1 us with an inter-pulse delay of 25 μs. The recy-
cle delay was 30 s and the number of scans was 1800.
No quadrupole splitting was observed, and the spectrum
simply consisted of a single symmetric peak of about
70Hz full width at half height (FWHH). The sample was
then spun at the magic angle (10 kHz) to average out the
effect of inhomogeneous susceptibility in this complex
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Table 1. Model parameters obtained by non-linear least-squares fitting using the Levenberg–Marquardt method with five fitting
parameters.

fβ1R1,β1(0) fβ2R1,β2(0) τβ1 τβ2
No 2H − R1NMRD α(1/s) (1/s) (1/s) µs (ns)

1a K − Si − CD3CN − 90/10(d = 100 Å) 0.32 8.1±0.4 1.0±0.2 2.0± 0.2 120± 30
- K − Si − CD3CN − 100(d = 100 Å) 0.35 6.1±0.35 1.5±0.4 2.2± 0.4 190± 30
1b K − Si − CD3CN − 90/10(d = 60 Å) 0.41 11.7±0.5 1.9±0.35 2.3± 0.2 210± 40
2 K − C4 − CD3CN − 90/10(d = 100 Å) 0.3 19±0.8 2.5±0.5 2.5± 0.3 290± 45
3 NH2 − CD3CN − 90/10(d = 100 Å) 0.30 6.6±0.3 1.2±0.3 2.5± 0.3 275± 60
4 K − Diol − CD3CN − 90/10(d = 60 Å) 0.8 37±6 7.9±2.8 2.6± 0.4 210± 70
5 ZIC − HILIC − CD3CN − 90/10(d = 100 Å) 0.55 29.0±2 6.4±1.4 2.5± 0.4 240± 40

Note: Rβ1(0) = ω2
Qτβ1 and Rβ2(0) = ω2

Qτβ2 based on the assumption that S= 1 for these two sites.

Table 2. Interpretation of the intrinsic relaxation rates.

NO 2H − R1NMRD fβ1 ∗ 106 fβ2 ∗ 106 R1,S(s−1) fS τ⊥,S (ps)

1a K − Si − CD3CN − 90/10(d = 100 Å) 9.5±1.5 20 ±10 0.20 0.32 12
- K − Si − CD3CN − 100(d = 100 Å) 6.6±1.6 19±7 0.21 0.32 12.5
1b K − Si − CD3CN − 90/10(d = 60 Å) 12±1.5 22±8 0.33 0.53 11.5
2 K − C4 − CD3CN − 90/10(d = 100 Å) 18±3 21±6 0.18 0.32 11
3 NH2 − CD3CN − 90/10(d = 100 Å) 6±1 11±6 0.18 0.32 11
4 K − Diol − CD3CN − 90/10(d = 60 Å) 32±15 88±40 0.72 0.53 27
5 ZIC − HILIC − CD3CN − 90/10(d = 100 Å) 27±5 62±20 0.40 0.32 27

Note: The fractions are obtained from; fβ1Rβ1(0) = fβ1ω2
Qτβ1 and fβ2Rβ2(0) = fβ2ω2

Qτβ2 and α − fBR
CD3CN
1B = fSr

CD3CN
1,S ; fS ≈ 4d/D, d = 8, d = 100, 60 Å,

RCD3CN1,B = 0.17s−1).

solid matrix and to thereby obtain at direct polarisation
deuterium spectrum with an upper limit estimate of the
natural linewidth.

3. The 2H T1-NMRD relaxationmodel of CD3CN

The measured T1-NMRD profile of CD3CN gives the
deuterium relaxation rates, RExp1 (ω), at deuterium Lar-
mor frequencies ω ranging from 1.5 kHz to 4.6MHz.
Figure 3 shows the 2H T1-NMRD profiles of CD3CN
for different silica surfaces. To analyse these profiles, a
theoretical model was developed in which the theoreti-
cal relaxation rate, RT1 (ω), is expressed in terms of four
relaxation contributions relating to molecules residing in
four differentmicroenvironments, all in the fast exchange
regime (see Appendix 1 Figure A2). First, we have a
fraction fB of ‘bulk’ (B) molecules in the centres of the
cylindrical pores, which have an intrinsic relaxation rate
R1,B identical to that for a pure solution. Then there are
three different fractions of perturbed molecules at the
solid interface. The weakly perturbed molecules at the
surface (S), whose mole fraction is fS, constitute the first
molecular solvation layer and have an effective corre-
lation time denoted τ⊥,S(≥ τ⊥,B). This layer’s intrinsic
relaxation rate, R1,S, is field-independent. There are also
molecules buried in the cavities and irregularities of the
solid surface, which have field-dependent spin relaxation
rates. To reproduce the NMRD profiles, the NMRD anal-
ysis required at least two such surface sites with mole
fractions fβ1 and fβ2, and intrinsic relaxation ratesRβ1(ω)

Figure 3. Measured deuterium Texp1 (ω) NMRD profiles of CD3CN
at T = 25◦C for silica surfaces 1–5 shown in Figure 2.

and Rβ2(ω). This is of course a simplification; one should
expect a distribution of different residence times. How-
ever, it was impossible to extract more than 2 β-sites due
to the limited information content of the experimental
NMRD profiles. In the fast exchange regime, the the total
relaxation rate RT

1 (ω0) of molecule x is given as a sum
of population-weighted intrinsic relaxation rates. Here,
x refers to acetonitrile-d3 but could be any analyte of
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interest.

R1(ω)T = fB ∗ Rx1,B + fS ∗ Rx1,S + fβ1Rxβ1(ω)

+ fβ2Rxβ2(ω). (1)

The differentmole fractions sum tounity: fB + fS + fβ1 +
fβ2 = 1. The NMRD profiles at high fields display the
characteristic temperature dependence expected in the
extreme narrowing regime. The highest temperatures
thus have the shortest correlation times and the lowest
relaxation rates.

The anisotropic reorientation of CD3CN has been
analysed using MD and NMR [5,6,8], showing that the
spectral density describing the anisotropic reorienta-
tional motion that modulates the quadrupole interaction
of acetonitrile can be separated into one part due to fast
spinning around the molecular long axis of symmetry
(τ‖,j ≡ 1/6D‖) and a relatively slower tumbling reori-
entation perpendicular to the long axis (τ⊥,j ≡ 1/6D⊥).
The presence of two distinct modulation timescales
justifies the introduction of an order parameter (S),
which makes our model a sort of ‘two step’ or model-free
approach [16–18].

J(ττ⊥,j, τ‖,j, nω) = [(1 − S2)τ‖,j + S2τ⊥,j
1

1 + (nωτ⊥,j)2
].

(2)

Here, j runs over the four sites: the bulk (B), the sur-
face (S) and the two beta sites. The quadrupole interac-
tion is reduced by S2 due to partial averaging resulting
from the spinning motion around the symmetry axis.
The order parameter is estimated as the projection of the
quadrupole principal frame along the C–D bond on the
symmetry axis:

S = 3
2
cos2(70.5) − 1/2 = −0.333, (3)

where the angle 70.5 is between amethyl 2H and the long
axis of CD3CN

The relaxation rate of acetonitrile in site j is given
by the intramolecular quadrupole interaction for deu-
terium, which can be expressed in terms of the relevant
spectral densities [2]:

RCD3CN
1,j = ω2

Q

5
[
J(ττ⊥,j, τ‖,j,ω) + 4J(ττ⊥,j, τ‖,j, 2ω)

]
. (4)

The quadrupole interaction strength is

ω2
Q = (3π2/2)χ2(1 + η2/3), (5)

where the quadruplar coupling constant is χ =170 kHz;
assuming η=0, this gives ωQ = 6.54 ∗ 105(1/s) [8].

3.1. The deuterium relaxation rate of the bulk
population, RCD3CN

1,B

The anisotropic reorientation of CD3CN involves a spin-
ning motion about the symmetry axis characterised by a
diffusion coefficient (D‖) that is approximately an order
of magnitude larger than D⊥ [5–8] The intrinsic relax-
ation rate of acetonitrile in the bulk solution is given
by:

RCD3CN
1,B = ω2

Q[(1 − S2)τ‖,B + S2τ⊥,B]. (6)

The deuterium spin-lattice relaxation rate for the pure
solvent, RCD3CN

1,B = 0.17 ± 0.025 s−1, was determined
experimentally at 25◦ C. One of the relaxation contribu-
tions in Equation (6) is due to the fast spinning motion
about the long axis, for which the correlation time is
approximately τ‖,B = 0.2 ps. The second contribution is
due to the perpendicular tumbling motion, which has a
correlation time of τ⊥,B = 1.5 – 2.5 ps. This finding is
consistent with literature data [6,7].

3.2. The deuterium relaxation rate at the silica pore
interface (S), RCD3CN

1,S

The deuterium relaxation rate RCD3CN
1,S at the silica sur-

face (S-site) differs from that of the bulk solvent because
the reorientation of solvent molecules near the surface is
retarded. The spinningmotion (τ‖,S) has been found to be
relatively insensitive to the pore size [8]. In addition, MD
simulations [12] suggest that the reorientation dynamics
of acetonitrile are insensitive to pore size. The retarda-
tion of the perpendicular tumbling motion is primarily
due to hydrogen bonding with the Si-OH surface [12].
We therefore modelled the surface’s effect by introduc-
ing the simplifying assumption that τ‖,B = τ‖,S, i.e. only
the tumbling reorientation about the axis perpendicular
to the C3 symmetry axis is perturbed by the surface; the
order parameter S remains unchanged. This increases the
anisotropy ratio τ⊥,S/τ‖,S close to the Si-surface, as seen
in MD simulations [12,13]. The spin relaxation may be
dependent on the orientation of the pore with respect to
the external magnetic field in the laboratory frame. We
ignored this complication because it does not change the
overall picture although it may change the absolute val-
ues of the correlation times slightly. The relaxation rate of
the interface thus becomes:

RCD3CN
1,S = ω2

Q[(1 − S2)τ‖,S + S2τ⊥,S]

≈ ω2
Q[(1 − S2)0.2(ps) + τ⊥,SS2]. (7)

The extreme narrowing relaxation contributions of the
bulk and the surface sites (Equations (6) and (7)) are both
due to molecular motions in the ps regime and are added
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Figure 4. The correlation time 1/τS ≡ 1/τ⊥,S + 1/τres as a func-
tion of the thickness d (Å) of the perturbed layer on two silica
surfaces. The upper curve (a) refers to 5.ZIC − HILIC − CD3CN −
90/10(D = 100 Å) and the lower curve (b) represent 1a.K −
Silica − CD3CN − 90/10(D = 100 Å) surface.

with their population weights to form the α relaxation
term

α = fBR
CD3CN
B + fSR

CD3CN
1,S (τ⊥) (8)

which is used to fit the high field regime of the NMRD
profile. We neglected the potential extreme narrowing
contribution from the β sites and instead assumed that
the mean-residence time is the effective correlation time,
randomising the electric field gradient in the exchange
process [19]

As a result, the relaxation contribution becomes
(α − fB0.17)/fS = RCD3CN

1,S (τ⊥), with the r.h.s given by
Equation (7) being proportional to the reorientation cor-
relation time τ⊥,S. The fraction fS = 4d/D − 4d2/D2 is
estimated from the thickness d= [4··· 8] Å of the sur-
face layer of perturbedCD3CN molecules in a cylindrical
pore with diameter D.

τ⊥,S = (α − fBR1B − (fSω2
Q(1 − S2)0.2ps)/fS(ωQS)2.

(9)

Figure 4 shows the variation of τ⊥,S with the surface layer
thickness d(Å) for two silica surfaces.

3.3. The relaxation rate of solventmolecules at the
β1 and β2 pore interface sites, RCD3CN

1,β

The dynamics of acetonitrile molecules residing at the
β1 and β2 interface sites are characterised by a rather

long mean-residence lifetime and give rise to field-
dependent relaxation. It is assumed that trapped acetoni-
trile molecules are characterised by a order parameter
S = 1 and an effective correlation time τβ . The latter vari-
able is assumed to depend on some type of molecular
tumbling correlation time (τR,βi) and themean-residence
time (τres) at the solid surface site βi:

τβi =
[

τR,β · τres

τR,β + τres

]
i
. (10)

The field-dependent relaxation of the β site populations
is then given by (i = 1, 2):

RCD3CN
1,βi (ω) = ω2

Qτβi

5

{
1

1 + (ωτβi)2
+ 4

1 + 4(ωτβi)2

}
.

(11)

We think this is a reasonable estimate because a molecule
that is ‘trapped in a cavity’ by a hydrogen bond to a
silanol or some other functional group on the silica sur-
face and characterised by a correlation time in the μs
range is most likely also highly ordered. However, if we
assume that the spinning around the molecular symme-
try axis is unaffected by interactions in the pore cavity,
the quadrupole interaction would be partially averaged
and the order parameter would be S=−0.33 as in the
surface case. This would mean that the correlation time
obtained is approximately one order of magnitude too
large; 2µs should be around 200 ns in Table 1. However,
this would not change the overall picture of the β sites.
The main relaxation mechanism is exchange-mediated
orientational randomisation (EMOR) of the quadrupole
interaction [19].

4. Results and discussion

Figure A1 of Appendix 1 summarises the results obtained
by fitting the relaxation model to the T1-NMRD profiles
of CD3CN for silica surfaces 1 to 5. Table 1 presents the
intrinsic relaxation contributions of the three fractions.
Interpretations of these intrinsic relaxation contributions
are presented in Table 2. The α contribution reflects both
the relaxation contribution of the bulk fraction and the
fraction of molecules residing in the silica surface layer.
The molecular residence time of this fraction fS is less
than 100 ps and it depends on the thickness of the layer
as shown in Figure 4, which plots the effective corre-
lation time (τ⊥,S) for thicknesses d ranging from 3 to
8Å. For all of the studied silica surfaces, this quantity
was below 50 ps. Interestingly, the α contributions for
samples 4 and 5 were significantly larger than those for
the other samples. Both K-Diol and ZIC-HILIC have a
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rather bulky chemical group attached to the silica atom.
This may reduce the number of acetonitrile molecules
in the surface layer (for a given thickness), reducing the
effective fS and increasing the correlation time τ⊥,S. The
more interesting β sites, which are responsible for the
field-dependent T1 relaxation rates of the NMRD pro-
files, have similar effective correlation times in all of the
studied systems. There are two types of β sites, one with
a residence time of about 2–3 μs and another with a res-
idence time of 0.1–0.3 μs. These correlation times (τβ1
and τβ2) are averages over a bimodal distribution of sites
with slightly different residence times. Table 2 presents
the fractions of acetonitrile at each site. For a surface with
a mean pore diameter of d = 100Å and a layer thickness
z of 8Å, the bulk fraction fB of acetonitrile is about 0.68
and the surface fraction fS is ≈ 0.32 using fS ≈ 4d/D.
We assume that the distance from the silica surface is
concentration-independent. However, MD simulations
indicate that the concentration of acetonitrile decreases
near the surface, which suggests that the calculated cor-
relation times shown in Figure 4 are underestimated.
While noteworthy, this does not affect the conclusion
that τ⊥,S ≤ 100 ps. The fractions of β1 and β2 are much
smaller, on the order of 10−5. It should be noted that the
β-fractions are primarily responsible for the differences
observed between silica surfaces bearing different pore
modifications. The volumetric ratio of acetonitrile and
water in sample 1a was 90/10, while the sample labelled
(–) in Tables 1 and 2 was prepared using neat acetonitrile.
The only notable difference between these two samples
is that the number of accessible cavities (fβ1) with long
residence time was slightly lower in the latter case. The
accuracy of the parameters derived by fitting is difficult
to assess, but the full width at half height (FWHH) of the
acetonitrile-d3 NMR spectrum was estimated using the
parameters of ZIC-HILIC surface (sample 5):

FWHH = 1
π

{fβ1ω2
Q0.3τβ1

+ fβ2ω2
Q0.3τβ2 + fSR1,S + fBR1,B}. (12)

This yielded a result of 2.5–5.5Hz, which can be com-
pared to the experimental (at 500MHz and 10 kHzMAS)
Lorentzian line with FWHW = 5–7Hz. The experi-
mental field inhomogeneity (shim) contribution to the
linewidth was estimated to be less than 2Hz based on an
external adamantane 13C reference spectrum. It should
be noted that the validity of the Redfield perturbation
theory is questionable for the R2 relaxation calculation
of β1 since ωQ × τβ1 ≈ 2.5 ∗ 0.654 = 1.6 
 0.1. This
linewidth contribution may thus be underestimated by
the second order Redfield perturbation theory because
higher order terms are expected to contribute to R2.

It should also be noted that no quadrupole splitting
was detected. The anisotropic orientation distribution
of acetonitrile at the Si-surface does not give rise to a
quadrupole splitting, probably because of relatively fast
exchange dynamics outside the (curved) Si-surface. This
gives rise to an almost isotropic average molecular orien-
tation on the NMR time scale. The concept of different
‘layers’ of acetonitrile thus presupposes long residence
times at different distances from the Si-surface, which is
not observed in the MD simulations [11,13].

5. Conclusions

In contrast to previous studies using MD or NMR, our
results suggest that a two-site chemical exchange model
is inappropriate for describing the relaxation proper-
ties of acetonitrile-d3 in silica pores. T1 relaxation mea-
surements of CD3CN reveal a strong field dependence
at low magnetic fields that is probably due to surface
sites at which the spin-bearing molecules are trapped
with residence times in the range of 0.1–3 μs. These
β sites appear to be the key determinants of the dif-
ferences between the studied silica pores. The β sites
cannot be observed in high field NMR-relaxation stud-
ies because their relaxation contribution becomes dis-
persed for magnetic fields larger than approximately 1 T.
In general, high field NMR T1 relaxation studies only
probe the field-independent relaxation contribution (α).
However, under favourable conditions, exchange pro-
cesses in the 10−5 to 10−1 s range can be studied using
relaxation dispersion experiments in the rotating frame
(R1ρ) or using Carr–Purcell–Meiboom–Gill (CPMG)
field strength sequences [20]. Theβ sites are not observed
in MD simulations of silica systems, partly because the
simulated systems are typically too small and/or the MD
simulation times are too short. An idealised flat silica
surface will lack the cavities and roughness responsi-
ble for the β sites. The residence time of a molecule at
the silica surface is often ignored [21] when characteris-
ing silica surfaces because it is assumed to be irrelevant.
Consequently, it has perhaps not been appreciated that
molecules frustrated in different layers outside a flat sil-
ica surface probably have little impact on the retention
time because of their short residence times (≤ 100 ps)

The main difference between the studied surfaces in
terms of their interaction with acetonitrile appears to
be related to their different numbers of β sites. If we
assume that the β fractions correlate with retention time
in HILIC separation experiments, an obvious extension
of this approach would be to study the NMRD profiles of
deuterated analytes that might compete with acetonitrile
for β sites.
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Note

1. A note about ref 8 in appendix 2, suggest a surface layer
thickness (d) of approximately two molecular diameters,
which would be approximately 16Å for solvent molecules
modelled as hard spheres of radius r= 4Å. The surface
fraction for an idealised cylindrical pore is ≈ 2d/R, so for
the smallest pores studied by those authors (which had
radii of R = 20Å), 100% of the solvent molecules would
be surface-perturbed. We believe this to be a misprint, and
suggest that the authors intended the surface thickness to
be equal to one diameter, giving d ≈ 8Å.
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Appendices

Appendix 1.

Figure A1 display the best fitting of the NMRD profiles using
the four-site dynamic model.

It is clear from Figure A2 that the experimental NMRD pro-
files need at least two β sites one with a correlation time τβ1
fitting the low filed dispersion and a second shorter correla-
tion time τβ2 describing the slightly stretched profile at higher
frequencies.

Appendix 2. Previous work

Zang and Jonas [8] used both 2H and 14N spin-lattice relax-
ation at 7 Tesla to study the anisotropic rotation diffusion of
acetonitrile-d3 confined in sol-gel porous silica glasses with
pore radii ranging from 20 to 95Å. A two-site exchange model
in the fast exchange regime was found to give a satisfactory
description of the deuterium and 14N spin-lattice relaxation
data. The rotation diffusion of a symmetric-top molecule is
characterised by the spinning motion around the symmetry
axis (τ‖ ≡ 1/6D‖) and the reorientation perpendicular to the
main symmetry axis (τ⊥ ≡ 1/6D⊥). It was found that D‖ is
almost constant whereas D⊥ decreased to at most 0.1 of its
bulk value at 25◦ C in a pore of radius 20Å (fig 5 in [8]). To
quantify the resulting slowing down of the solvent molecules,
the fraction of perturbed molecules at the surface must be esti-
mated. This was done by treating acetonitrile-d3 molecules as
hard spheres of radius r = 4.09 Å, and assuming the thickness
of the surface layer to be equal to approximately one molecu-
lar diameter [8]1Themain shortcoming of thisNMR-relaxation
measurement approach is that it is performed at one Lar-
mor frequency and thus cannot probe acetonitrile molecules
trapped in internal pockets of the silica surface, for which the
effective correlation time is on the μs time scale. The corre-
lation time τ⊥ of the external surface-perturbed acetonitrile
molecules was found to be approximately 3 ps at 25◦C (D⊥ ≈
6 ∗ 1010,R = 40Å; see fig 5 in [8])

Morales and Thomsson [9] performed MD simulations
to analyse the infrared spectra of acetonitrile confined in
nanoscale hydrophilic silica pores. The timescale of vibra-
tional spectroscopy is on the order of ps, so it only pro-
vides structural information on acetonitrile in this system. The
observed structural ordering generated a more anisotropic ori-
entational distribution of the perturbed acetonitrile molecules
at the silica surface. However, the mean residences time of
molecules at the surface was not investigated. The observed

http://orcid.org/0000-0002-9277-4534
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Figure A1. The measured deuterium Rexp1 (ω) NMRD profiles and best fit for a 90/10 CD3CN − H2O mixture with 5mM-AMAC at
T = 25◦C. 1a:K − Sir=5nm;1b:K − Sir=3nm,2:K − C4r=5nm, 3:NH2 − Si, 4:K − Diolr=3nm,5:ZIC−HILIC.

shoulder peak of the CN stretch suggested the presence
of two solvent molecule populations, one comprising more
tightly-bound molecules exhibiting a blue frequency shift.
Interestingly, some acetonitrile molecules appeared to be
trapped in small pockets on the silica surface, with their

rotational motion being sterically hindered by the nature of the
sites [9].

An analysis of the orientation distribution of acetonitrile
molecules over a planar silica surface based on a 200 ps long
MD simulation was presented by [10]. This revealed that the



10 A. SHAMSHIR ET AL.

Figure A2. The measured deuterium Rexp1 (ω) NMRD profiles of
1a:K − Sir=5nm(+) displaying a typical best fit (solid) with relax-
ation contributions from α(dotted) and the two sites β1 (dashed)
and β2(dashdot).

long symmetry axis of acetonitrile preferentially aligns parallel
to the surface normal, with the CN group projecting towards
the surface. Additionally, the ordering of acetonitrile was found
to decrease in the second and third layer from the surface;
the surface perturbation of the molecular orientation distri-
bution affected solvent molecules within around 20–25Åof
the surface. The reduction in molecular reorientation at the
silica surface is characterised by a correlation time of approx-
imately 20 ps [10]. Symmetric-top molecules are expected to
exhibit enhanced anisotropic reorientation at the silica sur-
face. The perpendicular reorientation correlation time (τ⊥)
should increase due to the interaction with the silica surface,
but the spinning motion about the symmetry axis should be
less affected.

A separate MD simulation of water and acetonitrile [11]
confined in a planar hydrophilic silica slit focused on the
behaviour of static properties such as density and orientation
profiles. In this simulation, the time-averaged orientation of the
molecular dipole moments of acetonitrile at a distance z from
the silica surface formed what the authors described as ‘a loose
bilayer structure’. That is to say, all acetonitrile molecules at
a certain distance from the silica exhibited an ordered dipole
orientation. In addition, the water concentration in the first
solvation layer was elevated [11].

A fourth MD simulation [12] examined the structure and
dynamics of acetonitrile in silica nanopores with diameters
of 24 and 44Å, revealing the dynamics to be independent of
the pore diameter. The studied pores had rough surfaces and
were large enough to harbour both a fraction of molecules
perturbed by the silica surface and a bulk-like region in the
centre of the pore. However, it should be noted that the ori-
entation distribution of the ‘bulk’ acetonitrile in the pores was
anisotropic. A two-site exchange model in which the surface-
perturbed fraction exists in a layer 4.5 Åthick was found to
adequately describe the molecular dynamics. The acetonitrile
molecules were predicted to preferentially align parallel to the
surface normal with the nitrogen atom projecting towards an
oxygen atom on the Si-OH surface. The rank 1 orientation
correlation time (τ1,⊥) was about 3 ps for the ‘bulk’ popula-
tion in the middle of the pores about twice that for the surface
population. It was noted that exchange between the surface
layers should be accounted for when calculating these cor-
relation times [12]. Consequently, the molecules forming the
‘bilayer-like’ structure [11,13] must have residence times in the
ps range. If individual molecules were followed as they move
between different z-positions, it is possible that time-averaging
of their orientation would make them appear isotropic on
the NMR timescale. It is thus not certain that the so-called
bilayer of CD3CN would exhibit quadrupole splitting. The
image of a lipid bilayer may be misleading when consider-
ing the molecular ordering in the ‘bilayer-like’ layer because
the lifetime of molecules in the ordered structure of silica
is very short and comparable to the reorientation correlation
time. The results of [11,13] are thus interpreted as evidence
that the Si-surface enhances the anisotropy of the reorientation
dynamics.
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