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ABSTRACT: N-Methyl-2-pyrrolidone (NMP) is an excep-
tional solvent, widely used in industry and for nanomaterials
processing. Yet despite its ubiquity, its liquid structure, which
ultimately dictates its solvation properties, is not fully known.
Here, neutron scattering is used to determine NMP’s
structure in unprecedented detail. Two dominant nearest-
neighbor arrangements are found, where rings are parallel or
perpendicular. However, compared with related solvents,
NMP has a relatively large population of parallel approaches,
similar only to benzene, despite its nonaromaticity and the
presence of the normally structure-reducing methyl group.
This arrangement is underpinned by NMP’s dipole moment,
which has a profound effect on its structure: nearest-neighbor
molecules arrange in an antiparallel but offset fashion. This polar-induced order extends beyond the first solvation shell,
resulting in ordered trimers that reach the nanometer range. The degree of order and balance of interactions rationalize NMP’s
high boiling point and versatile capabilities to solvate both charged and uncharged species.

I. INTRODUCTION

N-Methyl-2-pyrrolidone (NMP), C5H9NO, is a strongly polar
(μ = 4.09 D)1 aprotic solvent that is a liquid at room
temperature. NMP (Figure 1) exhibits a unique combination
of physicochemical properties that have led to its frequent use
as a solvent in a range of industrial applications. Its relatively

low volatility and affinity for aromatic hydrocarbons are
exploited in petrochemical processing where it is used as an
extraction medium.2 It is also commonly used for the surface
treatment of textiles, resins, and plastics.3−6 NMP is also an
important solvent in pharmaceuticals, utilized for drug
extraction and crystallization,7 and reported to increase the
solubility and permeability of drugs by simultaneously acting as
a co-solvent and a complexing agent.8,9 Recently, the number
of scientific papers involving the use of NMP has significantly
increased,10 owing to its widespread adoption as a solvent for
nanomaterials processing. NMP is exceptionally successful in
maintaining dispersions of nanomaterials, including gra-
phene,11 single-walled carbon nanotubes (SWCNTs),12 and a
range of other layered materials,13 following their energetic
separation from one another. NMP has even been shown to
dissolve these species14−17 when they are negatively charged,
i.e., to form true solutions spontaneously upon contact without
any external agitation.
Many efforts have been made to understand NMP’s success

for these processes compared with other solvents, and its
ability to dissolve both ionic and neutral species. A variety of
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Figure 1. Structure of an N-methyl-2-pyrroldione (NMP) molecule
[green: carbon; red: oxygen; blue: nitrogen; gray: hydrogen]. The
arrow indicates the polar moment of the molecule,18 directed from
the carbonyl group across the ring.
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physical and chemical factors have been considered, including
the possibility of solvent degradation, particularly under
ultrasonication.19 The most common approach has been to
compare a range of empirical parameters with related
nanomaterial properties, for example, Hansen and Hildebrand
solubility parameters,20,21 or matching surface energies
between solvents and dispersed nanomaterials.22 However,
these approaches are only partially successful, since many
solvents with similar parameters are not so effective. On the
other hand, it has been argued that models that treat the
solvent as a uniform density dielectric continuum, and the
forces between liquid dispersed nanoparticles as additive, are
invalid;23 strong nanomaterials−solvent interactions can lead
to dense solvation shells24,25 with potentially counterintuitive
arrangements of the solvating molecules due to the balance of
solvent−nanoparticle, solvent−solvent interactions and steric
effects.23,26 These effects are particularly important for
understanding thermodynamic dissolution of charged nano-
materials where, similar to simple solutions, local solvent
ordering around nanomaterial solutes is expected to dominate
the free-energy change upon dissolution.23,27 For uncharged
nanomaterials, the entropic contribution to the free energy is
expected to play a critical role in determining solubilty.28−30

To fully understand NMP’s solvation properties, the
structure of the pure solvent must first be established.
However, most of the literature surrounding NMP focuses
on systems where it is mixed with another species.31−34 Studies
on solid NMP (at 168 K) reported the occurrence of a
network of hydrogen bonding between NMP’s methyl groups
and the carbonyl oxygen atoms.35 In the liquid phase, NMP’s
structure was recently probed using X-ray scattering. The
populations of the two opposite puckered conformations were
calculated to be equal.36 Complementary molecular dynamics
simulations, without refinement to the X-ray data, reported
“part-preservation” of the hydrogen bond network reported in
the crystal structure.
In recent years, there have been a number of experimental

measurements of the liquid structure of simple cyclic and
aromatic hydrocarbons.37−39 Within the first intersolvent co-
ordination shell, two structural motifs are ordinarily found:
parallel approaches (at slightly closer distances) and
perpendicular approaches. In all cases, parallel approaches
form a minor proportion, and the relative population of
perpendicular arrangements is far greater. The parallel
approaches at smaller separations are understood to result
from aromatic ring-ring interactions, since the highest
proportion is found for benzene and naphthalene.38,39

Nonaromatic systems, such as cyclohexane and cyclohexene,37

have an even lower proportion of parallel nearest neighbors.
Introducing a methyl group, as in the case for toluene38 and
methylcyclohexane,37 also reduces the incidence of parallel
arrangements. Adding a nitrogen heteroatom to the benzene
ring, as in the case of pyridine,39 induces polar ordering due to
the dipole moment. NMP is a nonaromatic molecule with a
five-membered ring structure, a heteroatom, and a methyl
group. It has a considerably higher boiling point (202 °C) than
all of the cyclic molecules discussed above (highest boiling
point is for pyridine at 115 °C), suggesting stronger
intermolecular interactions.
Here, we use advanced neutron scattering methods in

combination with computational methods to uncover the
detailed structure of liquid NMP. Both local structure and
longer-range molecular polar-induced order are found to exist

in the liquid, implicating a strong electrostatic attraction that
overcomes the structurally disordering methyl group.

II. THEORETICAL BASIS
Following corrections, the function extracted from a neutron
diffraction experiment is the total structure factor, F(Q), which
can be written as

∑ δ= − −
α β

αβ α β α β αβ
≤

F Q c c b b S Q( ) (2 ) ( ( ) 1)
(1)

and is defined in terms of the magnitude of the scattering
vector (or momentum change), Q

π
λ

θ=Q
4

sin
(2)

where λ is the wavelength of neutrons incident onto the sample
and 2θ is the scattering angle. The Sαβ(Q) terms are Faber−
Ziman partial structure factors, and the summation is weighted
by the respective concentrations, cα and cβ, and scattering
lengths, bα and bβ, of each atom type. The Kronecker delta
function, δαβ, is used to avoid double counting. The Sαβ(Q)s
contain information about correlations between the atomic
species in Q-space, and can be related to the radial distribution
functions (RDFs), gαβ(r), via a Fourier transformation
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where ρ is the atomic density of the sample.
The key aim of most structural studies of liquids is to extract

the set of gαβ(r) functions representing real space correlations
between atom pairs as a function of the separation, r, between
them. The cumulative co-ordination number of species β from
species α at a distance, r, is given as Nαβ(r), and can be found
using

∫ ρ π= ·αβ αβ βN r g r r r( ) ( ) 4 d
r

0

2
(4)

To enable the full extraction of interatomic structural
correlations, or partial pair distribution functions, a series of
diffraction experiments using different isotopomeric samples
are required. In this way, the contrast of the total structure
factor is varied, allowing for multiple diffraction patterns of a
specific system to be measured. Hydrogen/deuterium isotopic
substitution augmented with neutron diffraction is a powerful
probe of local structure, since the largely contrasting neutron
scattering lengths of hydrogen (−3.74 fm) and deuterium
(6.88 fm) delineate the various site−site distributions
necessary to describe the local interactions in a liquid.

III. EXPERIMENTAL METHODS
Neutron diffraction data were collected using the near and
intermediate range order diffractometer (NIMROD) instru-
ment at the ISIS spallation neutron source (Rutherford
Appleton Laboratory, STFC, U.K.).40 This diffractometer
was purposefully built and optimized for structural study of
hydrogen-containing disordered materials. Data were meas-
ured for three samples:

(1) protiated NMP, C4H9NO;
(2) deuterated NMP, C4D9NO; and
(3) a 1 :1 mix ture o f C4H9NO and C4D9NO,

over the Q-range 0.02 < Q < 50 Å−1.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b08020
J. Phys. Chem. B 2018, 122, 8963−8971

8964

http://dx.doi.org/10.1021/acs.jpcb.8b08020


Samples were prepared and contained in flat-plate null-
scattering Ti0.68Zr0.32 alloy cells of internal dimension 1 mm x
35 mm x 35 mm. This null-scattering alloy composition
ensures that the cell does not contribute any coherent neutron
scattering to the measured signal. Scattering from the empty
sample cells, as well as the empty instrument, was collected for
data corrections. Data were then normalized, calibrated, and
put on an absolute scale by comparison with the scattering
from 3 mm vanadium plate. Particular attention was paid to
correction of inelasticity effects, especially for the samples
containing hydrogen. The self-scattering background and
inelasticity effects were removed from the total differential
scattering cross-section using an iterative method developed by
Soper.41,42

IV. COMPUTATIONAL DETAILS
The data were modeled using the Empirical Potential Structure
Refinement (EPSR) method, which in combination with
neutron diffraction and isotopic substitution has successfully
deduced the structures of a range of molecular liquids37,38,43,44

as well as solutions.45−49

A cubic box of side length 54.29 Å containing 1000 NMP
molecules with an atomic density of 0.10008 Å−1 at 298 K was
used, seeded by pairwise (Lennard-Jones and Coulomb)
potentials. A combination of Lennard-Jones (LJ) and Coulomb
potentials was used to build the following reference potential,
Uαβ(r), between atom pairs, α and β, in the molecule,
represented by

ε
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where εαβ and σαβ are computed using the classical Lorentz−
Berthelot mixing rules for the cross-terms and ε0 is the
permittivity of free space. The Lennard-Jones parameters,
atomic masses, and charges used to seed the modeling process
are summarized in Table 1. These were obtained from the all-

atom optimized potentials for liquid simulations (OPLS-AA)
force field. The labels assigned to atomic sites on the NMP
molecule are shown in Figure 2.
Using the seed potentials, standard Metropolis Monte Carlo

steps with traditional implementation of periodic boundary
condition and the minimum image convention were used to
bring the simulation to equilibrium. A smooth truncation was
applied to the potential energy functions, as detailed by
Soper.50

Once equilibrated, structure refinement was initialized.
During this process, the interatomic site−site potentials are
iteratively refined to drive the simulated structure toward
agreement with the experimental data. This was achieved
through modification of an additional empirical potential,
based on the difference between measured and simulated
structure factors. Once a reasonable agreement is achieved, the
simulation is allowed to proceed without further perturbation
of the potentials. Ensemble average structural information is
then accumulated.

V. RESULTS
The experimental data and EPSR-refined model fits obtained
for the three independent structure factors, F(Q)s, as well as
the total distribution functions, f(r)s, are shown in Figure 3. A
close agreement is achieved between the experimental neutron
data and the EPSR-derived model. Co-ordination numbers for
selected site−site correlations for the first shell were calculated
and are summarized in Table 2. The RDF between the centers
of geometry for NMP molecules is given in Figure 4a. It shows
peaks that are well-resolved suggesting well-defined positions
in relative distance, and identifies three distinct co-ordination
shells localized at distances of 6.0, 10.6, and 15.7 Å. The
integral of the g(r) up to the first minimum gives the total
number of molecules in the solvation shell (co-ordination
number) as ∼13.3. This co-ordination number is greater than
that found for most aromatic molecules,37 which varies
between 12.4 and 12.8 (NMP > toluene > cyclohexane/
cyclohexene > methylcyclohexane), and close to the packing of
molecules in the structurally simple and tightly packed benzene
(13.4).
Since site−site RDFs only give a one-dimensional

representation of the liquid, using them to visualize spatial
and orientational structure in three dimensions is difficult.
Therefore, spatial density functions (SDFs) can be constructed
to represent a three-dimensional map of the density of
neighboring molecule centers around an oriented central
molecule. As opposed to one-dimensional histogram binning in
the case of the radial distribution function, SDFs are calculated
from spatial probability densities of molecules around other
molecules and amount to performing three-dimensional
histogram binning. The SDF thus shows regions of space
around a central molecule that are most likely to be occupied
between a specified distance range. For all SDFs shown herein,
the central molecule’s orientation was fixed by defining two
axes: an x-axis from atom C3 to C1 and a y-axis from N to C4.
The z-axis is then formed from the cross product of the x and y

Table 1. Reference Seed Potentials for All of the Labeled
Atoms in the EPSR Model of Liquid NMP, Showing
Lennard-Jones well-Depth Parameter, Atomic Mass, and
Charge

atom type ε/kJ mol−1 σ/Å qe

C1 0.43932 3.7500 0.2614
Hring 0.12552 2.5000 0.0589
C2 0.27614 3.5000 −0.1179
C3 0.27614 3.5000 −0.0696
N1 0.71128 3.2500 −0.0769
O1 0.87864 2.9600 −0.3480
C4 0.27614 3.5000 −0.0613
HMe 0.12552 2.5000 0.0589

Figure 2. Atom numbering scheme for the NMP molecule in the
present work. The arrow indicates the dipole moment in the
molecule.18
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axes, thus effectively fixing the specified atoms as a point of
reference for the central molecule.
By plotting the SDF of the centers of geometry of NMP

molecules, the arrangement of the solvent molecules within
this first shell (up to 8 Å) can be explored further. This is
shown in Figure 4b and displays a five-lobed symmetric
distribution of molecules for the five-membered ring, with a
small sixth lobe pointing to the oxygen atom. A continuous
density band circumscribes the NMP molecule by encircling
the oxygen atom and encompassing regions above and below
the ring is found. There is a preference for dominant lobes to
occupy the middle of the C−C bonds, analogous to benzene38

and methylcyclohexane.37 Although the 6-fold symmetry of the
most probable positions in the related methylcyclohexane
molecule was found to be slightly disrupted by the presence of
methyl group, the structure of NMP is significantly less
disrupted by the presence of the methyl group. The lobe
approaching the oxygen atom is directly aligned with this atom
and at a slightly larger distance. The SDF has also been plotted
from 2−4 and 4−8 Å for clarity (Figure 4c).

Further detail about the relative arrangements of the nearest-
neighbor NMP can be extracted by examination of orienta-
tional correlation functions. First, we calculate the angular
radial distribution functions (aRDFs), g(r, θ), where θ is the
angle between the normals to the ring planes of neighboring
NMP molecules, using

θ θ
π θ θ ρ

= Δ
+ Δ − · ·Δ ·

g r
n r

r r r
( , )

( , )
(( ) ) sin2

3
3 3

(6)

where Δn(r, θ) is the number of molecules in distance range
r + Δr and angle range θ + Δθ, ρ is the molecular number
density, and the 1/(sin θ) factor corrects for the θ-dependence
of the solid angle as we integrate over the azimuthal angle. The
g(r, θ) for NMP ring planes is shown in Figure 5a. At shorter
distances, between 3 and 5 Å, two distinct peaks exist at 0 and
180°, indicative of ring-parallel nearest-neighbor molecules. At
the longer distance range, that is, between 5 and 8 Å, there is a
preference for perpendicular nearest neighbors (θ ≈ 90°) as
shown in the SDF for this distance range in Figure 4c. Similar
preferences for ring perpendicular arrangements of molecules
at longer distances within the first co-ordination shell have
been previously reported for a variety of other related
liquids.37,38,52

To explore the contrasting populations of molecules in the
two distances ranges seen in Figure 5a, SDFs for neighboring
molecules at the shorter and longer distance ranges were also
calculated (Figure 5b). The SDF isosurface (Figure 5b(i), top
view) shows the preference for NMP molecules to occupy
orientations parallel to the ring at the shorter distance range.
On closer inspection, however, the isosurface is found to be
marginally offset, toward the oxygen atom (Figure 5b(i), side
view); that is, the favored nearest-neighbor geometry is parallel
displaced, similar to benzene.38,53,54

Quantitative analysis indicates that a notable population of
molecules (4.4%) in the first shell is oriented close to
completely parallel at short distances i.e., below 5.4 Å. Though
a small proportion, this value is greater than that found for
similar cyclic hydrocarbons (between 2.3 and 3.2%)37 and

Figure 3. (a) Experimentally measured (green triangles) and EPSR-refined model fits (black lines) structure factors as a function of Q for different
isotopically substituted N-methyl-2-pyrrolidone. (b) Total distribution functions in real space, f(r), obtained by direct Fourier transform of the
experimental structure factor data (open triangles) and the corresponding EPSR simulated functions (solid lines).

Table 2. Relevant Co-ordination Numbers Obtained by
Integration of the Features in the Indicated Partial
Distribution Functions

correlation rmin (Å) rmax (Å) CN (atoms)

C1−Hring 2.47 6.35 2.9
C1−HMe 2.47 6.26 2.9
C2−HMe 2.47 3.95 0.9

3.95 5.42 1.4
N−N 3.31 8.05 4.5
N−O 2.72 4.97 1.5

4.97 6.05 1.1
N−Hring 2.39 4.89 1.5
N−HMe 2.37 6.39 3.1
O−O 2.49 4.17 1.04
O−Hring 2.11 3.46 0.78
O−HMe 2.11 3.50 0.93
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close to the value of that for benzene (4.6%). One
interpretation is that the polar groups in NMP enhance this
parallel stacking and overcome, what would normally be, the
disrupting influence of the methyl group on local order.
This idea can be explored by determining whether there is

any correlation of the two different populations of nearest-
neighbor orientations with the dipole moment of the NMP
molecule, which lies very close to the direction of CO bond
(see Figure 1). To allow for the identification of any
orientational preference relative to the CO bonds in
neighboring molecules, another aRDF was calculated, but
this time for the angle between the vectors along the dipole
moment of neighboring NMP molecules. This is shown in
Figure 5c. Again, within the first solvation shell, there are two
distinct peaks, at distances that correspond to the parallel and
perpendicular approaches, revealing two populations (peaks at
∼4.1 and 5.8 Å) of favorable configurations within the first
nearest-neighbor zone. At the shorter distances (3−5 Å),
corresponding to parallel stacking of the molecules, the data
reveal a pronounced preference for the CO bonds to align
antiparallel to one another. For distances corresponding to the
perpendicular molecules (5−8 Å), the opposite arrangement of
CO bonds is found, that is, the polar moments in
neighboring perpendicular molecules align in parallel. This
ordered series of first antiparallel and then parallel orientations
of the CO bonds is not limited to the first solvation shell,
but is repeated in the second solvation shell, extending up until
13.5 Å, with peaks at ∼8.1 and 10.7 Å, demonstrating the
existence of polar-ordered trimers in the liquid. Example motifs
are given in Figure 5d. In methylcyclohexane, which has
negligible polar moment, these parallel arrangements of
nearest-neighbor molecules are absent.37 Thus, although the
methyl group is sufficient to disrupt the arrangement in

methylcyclohexane, this is overcome by the polar moment of
the NMP molecule.
Finally, to explore hydrogen bonding present in the liquid,

we study intermolecular correlations between the carbonyl
oxygen and the methyl hydrogen atoms. The O−Hring and O−
HMe RDFs (Figure 4a) both show a first maximum at 2.7 Å, a
correlation distance which occurs within the range expected for
a typical hydrogen bond.55,56 The International Union of Pure
and Applied Chemistry definition of a strong hydrogen bond
also points to the directionality as a key defining character-
istic.56 In a strong hydrogen bond, intermolecular angle X−
H···Y is generally linear or 180°, with a recommended lower
limit of 110° for this angle. To elucidate the directionality of
this hydrogen bonding, a histogram of the intermolecular bond
angles between the four atoms constituting the potentially
hydrogen bond donating and accepting groups was computed.
The data were then converted to a probability function shown
in Figure 6.
As expected, angles below 90° are highly sterically

constrained due to the presence of the rest of the molecule.
For angles ranging between 90 and 180°, there is an almost
constant probability and thus there is no indication of a
preferred direction, which would be expected for a strong
hydrogen bond. Probabilistic analysis of the angles thus shows
no indication of a strong or preferred directionality. However,
despite the lack of directionality, O−HMe hydrogen bonds have
been observed in a variety of systems.57 The findings thus
point to electrostatic weak hydrogen bonding which, though
might not dominate the local structure in NMP, nevertheless
provides another contributing factor, and the nondirectional
hydrogen bonding ability enables a greater range of solvent−
solute approaches.

Figure 4. (a) Relevant site−site radial distribution functions, g(r)s, of pure liquid NMP. Hring and HMe are the ring hydrogen atoms and the methyl
hydrogen atoms, respectively, as shown in labeling scheme for the molecule. Inset: the NMP−NMP center of geometry g(r) at room temperature,
plotted up to 20 Å, showing three well-defined co-ordination shells. (b) Spatial probability density functions (SDFs) for liquid NMP showing the
30% most likely correlations for all molecules up to 8 Å (i.e., within the first solvation shell) surrounding a central NMP species. The same data are
shown from two different orientations. The three methyl hydrogens are grouped as one for a condensed view of the molecule. Surfaces are plotted
using Aten.51 (c) SDFs for liquid NMP in the two distance ranges, 2−4 and 4−8 Å.
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VI. DISCUSSION

NMP has long been recognized as a very important but
unusual solvent. The origin of its atypical behavior has been
unclear. Here, the liquid structure of NMP was investigated
using neutron scattering with hydrogen/deuterium substitution

in conjunction with EPSR molecular modelling simulations.
This combination of experimental techniques and computa-
tional analysis allowed us to conduct a full spatial and
orientational study of the solvent’s structure.
Compared with related solvents,37−39 the ordering measured

in liquid NMP is significantly more developed, consistent with

Figure 5. (a) Angular radial distribution function (aRDF) for NMP ring center−ring center, g(r, θ), where θ is the angle between the normal to the
ring planes, showing preference for both parallel and perpendicular at different distance ranges. (b) Spatial probability densities for liquid NMP.
The functions show the top 30% for NMP molecules in the two distance ranges, (i) 3−5 Å and (ii) 5−8 Å, surrounding a central NMP species. (c)
aRDF, similar to (a) but with the x-axis defined along CO bond (so that the angle θ is defined as in inset) to show orientational preference of
similarly aligned molecules (d) examples of the dominant structural motifs of nearest-neighbor NMP molecules based on constraints from aRDF
analysis in the distance ranges 3−5 and 5−8 Å.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b08020
J. Phys. Chem. B 2018, 122, 8963−8971

8968

http://dx.doi.org/10.1021/acs.jpcb.8b08020


its considerably higher boiling point. NMP exhibits denser
intermolecular packing, a greater range of local interactions
and substantially longer-range molecular organization. Parallel
approaches at shorter distances result from antiparallel
alignment of its dipoles, similar to pyridine,39 but not only is
there a greater number of parallel approaches (despite the
structure-reducing methyl group), but remarkably this polar-
induced order extends beyond its first solvation shell and into
the nanometer range. Counterintuitively, and again uniquely
compared with similar solvents, at greater distances within the
nearest-neighbor shell, where the molecules are arranged
perpendicularly, the dipoles align in parallel.
This intricate liquid structure rationalizes NMP’s success in

solvating both charged and uncharged species.16,58−61 In the
case of charged nanomaterials, which react with protic solvents,
such as water,16 the strong polar-induced ordering underpins
aprotic NMP’s effectiveness for dissolution. For both charged
and uncharged nanomaterials, the range of local interactions
found in NMP permits it to coordinate to itself in different
configurations, thus maintaining intrasolvent bonding within
and across solvation shells,25 which can be crucial for effective
dissolution.23,26 NMP’s effectiveness in dispersing uncharged
species, such as SWCNTs,22 graphene62 and other two-
dimensional materials,63 can also be understood by considering
the high degree of order found in the liquid. For dissolution to
occur, the free energy of the solution must be lower than the
combined free energy of the solvent and solute. Since pure
NMP is highly structured, the entropic “cost” of solvent−
solute ordering is relatively low given its already low
configurational entropy. This contrasts to toluene, for example,
where calculations have shown that despite a favorable
enthalpy change upon SWCNT dissolution, the entropic cost
of the solvent reorganization is too large, explaining why
SWCNTs are only sparingly soluble.28 For charged nanoma-
terials, the additional enthalpic gain upon solvent co-
ordination26 leads to spontaneous dissolution and high
concentrations.16,24,25,64,65 Although ΔHmix has been proposed
to be the principal determining factor in the stability of
uncharged solvent−SWCNT systems,29,30 the results herein
thus provide a complementary explanation for the system’s
thermodynamic stability; i.e., the minimal overall change of

NMP’s order upon solute co-ordination. Interestingly, upon
the addition of NaI salt to a NMP/SWCNT dispersion, the
SWCNTs eventually crash out of solution,66 confirming the
thermodynamic dissolution of the SWCNTs and further
implicating the complex balance of the different NMP/solute
interactions.
It is worth noting that the modest concentrations of

nanomaterials in solution mean solute−solvent interatomic
correlations are of prohibitively low weighting to be measured
in diffraction experiments, however, it is instructive to examine
intermolecular approaches in concentrated solvent mixtures.
Recent studies have highlighted the importance of preferential
solute configuration in the dissolution of caffeine,45 for
example, as well as the positional and orientational ordering
of solvents in solute−solvent systems.46,47,49 These results
further emphasize the importance of versatility for intermo-
lecular bond formation for effective solubilization.
In summary, our findings reveal a balance of interactions in

liquid NMP that are unusually well developed and dissimilar to
related solvents. This intrinsic order can enable a range of local
solvent−solution interactions and can serve to reduce the
entropic cost accompanying on introduction of a solute,
rationalizing NMP’s ability to coordinate to and solvate a
variety solute species, even in the absence of charge. The
measured structural versatility of NMP also explains its
reorganizational adaptability and enhanced ordering, for
example, in vicinity of graphene.67,68
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