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Part 1. Simulation details for the systems: a segment of CNT dissolved in 0.15M Nal

solution in NMP.

1) Systems under the investigation.

We performed Molecular Dynamics (MD) simulations using the Gromacs 4.5 MD software
package.! We simulated a segment of CNT (8,6) of 5.186 nm long and a segment of CNT
(6,5) of 4.067 nm long solvated in pure NMP (N-methyl-2-pyrrolidone) and 0.15M Nal NMP

solution. Additionally we performed simulations of the bulk NMP solvent.

2) Molecular topology and potential parameters used in the simulations.

Firstly, we generated a molecular simulation topology for a CNT segment consisted of 592
carbon atoms (chirality (8,6) with tubule radius of 0.477 nm) and a CNT segment consisted of
364 carbon atoms (chirality (6,5) with tubule radius of 0.377 nm). For generation of the CNT
topologies we used the on-line TubeGen 3.3 tool.” Then the CNT(8.6) and the CNT(6,5) were
placed in a rectangular simulation box of the size 7.50x7.50x5.19 nm® and 7.25x7.25x4.07
nm’ correspondingly. The CNT segments were oriented along the Z axis of the boxes. We
used the rectangular periodic boundary conditions, where the CNT was treated as a “periodic
molecule”. The positions of the CNT atoms were restrained to the initial values by harmonic

potential with 1000 kJ mol™ nm™ force constant in each direction.

The Gromacs topology input files for the CNTs were generated by the x2¢op program that is
a part of the Gromacs 4.5 suite. We used the short-range Lennard-Jones nonbonded
interaction parameters for the CNT carbon atoms that corresponded to the benzene OPLS-AA
(all-atom optimized molecular potential for liquid simulation)’ carbon (opls_145 in the
Gromacs notation). However, the partial charges of the CNT carbons were set to zero. The

equilibrium values for the structural parameters of the bonded interactions (bond lengths,
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angles) were taken from the initially generated structure of CNT, while the force constants for
the bond and angle harmonic potentials were adopted from the OPLS-AA force field.” The
absence of dihedral potentials is compensated by the restraining potential. The non-bonded
interactions in the systems were pair-wise additive. The Lennard-Jones coefficients for atoms
of different kinds were obtained as a geometric mean value of the parameters of two

corresponding particles:

, S 1

where i and j indicate type of particle.

The OPLS-AA potential parameters were assigned to NMP molecule with the use of
Shrodinger Maestro software.” The parameters were then transformed into the Gromacs
topology format, where the Fourier coefficients of the dihedral potential term were
transformed into the Ryckaerd-Bellemans type.” The OPLS-AA parameters were already
verified by the previous simulation study.® We used the sodium and iodide ion potential

parameters developed by Jensen and Jorgensen.” However, to prevent possible crystallization

of the salt during the simulation time we increased the interionic O\, Lennard-Jones term,

estimated by Equation (S 1) by 0.05 nm.

3) MDD algorithms details.

We used the leap-frog integrator with 0.002 ps integration time step. For the Lennard-Jones
potential we used 1.00 nm cut-off radius with shifting potential method. The neighbor list for
the nonbonded interactions was updated each 10" integration step. For accurate evaluation of

the long range Coulomb interactions we used the Particle Mesh Ewald method® with 1.10 nm
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cut-off radius for the real space sum and 0.12 nm spacing for the mesh in the real space. The

cubic B-splines were used to map the charges on the mesh.

The length of all the bonds with hydrogen atoms were fixed to the force field equilibrium

values by the LINCS algorithm.’

For the NVT-ensemble (canonical ensemble) simulations we used the ‘“v-rescale”
thermostat'® with the reference temperature of 300K and the relaxation time of 2.0 ps in the
case of “production run” and 1.0 ps in the case of “equilibration run”. For the NPT-ensemble
(isothermo-isobaric ensemble) simulations we used the Berendsen thermostat and also the
Berendsen barostat.'" In this case the system was coupled to an external pressure of 0.1013

MPa with the relaxation time of 1.0 ps.

4) Systems preparation and collection of statistics.

The segment of CNT (8,6) was solvated in 0.15M Nal NMP solution containing 1600 NMP
molecules, 27 Na* ions and 27 I ions. To generate the initial configuration of the molecules
we used the Packmol program.'? The configuration was then optimized by Gromacs using the
energy minimization routine. To equilibrate the density, the resulting system was simulated
during 0.2 ns of the simulation time in the NPT-ensemble. Then it was simulated in the NVT-
ensemble for 60 ns. Coordinates of the system were sampled each 0.3 ps for the further

analysis.

The segment of CNT (6,5) was solvated in 0.15M Nal NMP solution containing 1200 NMP
molecules, 19 Na* ions and 19 I ions. To generate the initial configuration of the molecules
we used the Packmol program.'? The configuration was then optimized by Gromacs using the
energy minimization routine. To equilibrate the density, the resulting system was simulated

during 0.2 ns of the simulation time in the NPT-ensemble. Then it was simulated in the NVT-
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ensemble for 50 ns. Coordinates of the system were sampled each 0.3 ps for the further

analysis.

To enhance statistics and to estimate the errors in the calculated preferential interaction
coefficients and the free energies changes, we performed 10 replica simulations for each CNT
starting from different initial coordinates. The initial configurations for the replica runs were
collected by taking coordinates of the system each 3 ns and 5 ns from the initial simulations
for the systems with CNT(8,6) and CNT(6,5) correspondingly. Each replica was firstly
simulated for 0.2 ns at elevated temperature (450K) and then annealed to 300K during 0.1 ns
of simulation time in NVT ensemble. The production simulation times for each replica were
15.9 and 20.7 ns for systems with CNT(8,6) and CNT(6,5) correspondingly. Coordinates of

the system were sampled 0.4 ps for the replica simulations for further analysis.

The pure NMP-Nal solvent system contained 610 NMP molecules, 18 Na* ions and 18 T
ions that were 0.2 ns of NPT simulation. The system was simulated during 100 ns of

simulation time in NVT-ensemble.

5) Details on the calculation of radial density profiles.

The radial density profiles (RDPs) of different species were calculated from the MD
trajectory for all the replica simulations with the g_rdf program of Gromacs 4.5 suite. The
RDPs are normalized by the number density of species in the corresponding simulation box
(number of particles/total volume). We note that in the simulation there is a large excluded
volume of the CNT, which is not accessible by the solvent. Because of this, the number
density of species is underestimated by g_rdf and, consequently, although the calculated
RDPs become constant at large r values, these constants are larger than 1. To correct this
artifact we have chosen a region on each RDP where it reaches a plateau (2.5 nm < r < 3.0 nm

for the case of CNT(8,6) and 2.4 nm < r < 2.9 nm for the case of CNT(6,5). We averaged the
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RDPs over this region and correspondingly rescaled the RDPs (divided by the mentioned
value). (See also the supporting information of Ref. '*). On the Figure 3 of the main text the

scaled RDPs are shown.
6) Details on the calculation of ion solvation numbers.

For the calculation of the solvation number we use the following criteria. We counted the
number of nitrogen atoms of NMP molecules within 0.73 nm and 0.50 nm from the centres of

an iodide and a sodium ions correspondingly.
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Part 2. Comparison of water and NMP radial density profiles around CNT

Radial density profiles of water as a function of the distance from CNT (7,0) in aqueous
dispersion is obtained by the analysis of MD trajectories of our previous work Ref. ' (see

Figure S1).

On Figure S1 one can see that the CNT surface is much stronger solvated in NMP,
compared to its hydration in water. In the NMP solution, there is a dense solvation shell
around CNT which is represented by a broad region on the NMP radial density profile that

consists of two distinct high peaks. The peaks are followed by a deep hollow at about

r =71,y =6.5 nm, which indicates the outer radius of the first dense NMP solvation shell

around the CNT.

Contrary, the water radial density profile has a much smaller height of the first peak and
much less deep hollow, showing that the CNT hydration shell is much more diffuse compared
to the NMP solvation shell. Thus, partial dehydration of CNT surface in water is much easier
than the partial desolvation of CNT in NMP, where the barrier is large. The barrier of a
solvent molecule exchange between the 1* solvation shell and the rest of solution is more than
1 kgT higher in the NMP solution compared to the aqueous solution (Figure S2). We note that

similar effects were observed for graphene sheets solvated in NMP and water in the Ref. °.
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Figure S1. Radial density profiles of water (TIP4Pew model)”® and NMP (OPLS-AA
parameters) around the CNT(7,0) and CNT(8.6) correspondingly. One can see CNT surface
much more strongly solvated in NMP, rather than hydrated in water.
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Figure S2. Potential of mean force of water (TIP4Pew model)13 and NMP (OPLS-AA
parameters) around a CNT. One can see a high barrier of 2.6 kgT preventing a free exchange
of NMP molecules between the solvation shell of the CNT and the rest of solution. Contrary,
in the aqueous solution the barrier of water exchange is only 1.5 kgT. The PMFs were
estimated as negative natural logarithms of the corresponding radial density profiles.
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Part 3. Details on the calculation of the preferential interaction coefficient (on an

example of the system with the CNT(8,6)).

Following the methodology for the characterization of the “salting out effect” in aqueous
solutions, we have estimated the change of the CNT surface Gibbs free energy upon the salt

14,15

addition based on the Gibbs-Duhem relation (as described in Refs. ) and approach based

17-19

on the Kirkwood-Buff theory of solutions'® as discussed in Refs . In the framework of the

Gibbs-Duhem theory of solution, the change in the chemical potential of a solute molecule (S)

dissolved in a solvent (V), upon addition of a co-solvent (X) is written as:'

d/{s::'_Iﬂsy"i/{y’ (S1)
where d g is the change in the chemical potential of solute, du,is change of chemical
potential of the co-solvent, I'y, is the solute - co-solvent preferential interaction coefficient

(deficit or excess of the number of co-solvent molecules around a solute molecule, compared

to the same volume of the bulk solution).

We substitute the differentials with the finite differences, and get the expression which can

be used in our calculations:

Z&[IS 2’__Iﬂsx"zx/1X’ (5;2)

The solute - co-solvent preferential interaction coefficient can be calculated within the

Kirkwood-Buff theory of solutions:'"*

0
Loy = _(AJ = Py (GSX -Gy ) ) (83)
a'uX T,P,n,

where p is the number density of species X, Gap is a Kirkwood-Buff (KB) integral for

species A and B.
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Initially a KB integral was defined via a molecule-molecule radial distribution function
gs(M.2 A straightforward generalization for molecule-molecule pair correlation function

(gap(r)) defined in 3D coordinate space would be:*°

5= [(g0-1)d (S4)
14
where V defines the whole “phase volume” of the r coordinate.

Because CNT (S) has spherical symmetry, we rewrite the KB integral (Equation S4) in

cylindrical coordinates through the radial density profile pAB—gr):
B
= j[pSB (r) 1)27zr-dr , (S5)
0 ,03

where pg,(r)is the number density of particles B as a function of the distance r from the

axis of cylindrical symmetry of CNT (S), pj is the number density of B in bulk solution, the

integration is performed in cylindrical coordinates, 27zr-dr is the volume of cylindrical

segment (the length of the cylinder is implied to be 1 nm).

Thus, for our case the preferential interaction coefficient (Equation S3) can be written as

follows:

0 pX pV
Following the works (Ref. ) we applied the Kirkwood-Buff theory to estimate the

preferential interaction coefficient of the Nal salt at CNT surface. The KB theory is developed
for open systems. But in an open system, one can not consider ions of the dissociated salt as
independent components, because of the electroneutrality condition. Kusalik and Patey

described a rigorous way how to treat ionic solutions within the KB theory 3, Chitra et al. »
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showed that the results of Kusalik and Patey are equivalent to the following “physical
picture”: considering ions (both cations and anions) as “indistinguishable” particles. Thus in
this study we consider the “indistinguishable” ions as a co-solvent to NMP. Following the
work of '° we estimated the RDP of the “indistinguishable ions* as an arithmetic mean of the

contributions coming from the sodium and iodide RDPs:

Py (1) _ l{pSNLf (r) + Pg- (r)

P

J , and the bulk density of the “indistinguishable ions* as the
P Na* P I~

sum of the number densities of Na* and I ions.

The preferential interaction coefficient evaluated by Equation S6 is illustrated in Figure S3.

r (r I o (1! ('
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Figure S3. The calculated preferential interaction coefficient of salt for 1 nm of the CNT(8,6)
length. In this particular case, the plots were estimated over the last 30 ns trajectory. A)
Integrand function in Equation S6; B) Preferential interaction coefficient as a function of

distance (running integral of Equation S6). Te value of Iy, , used in further calculations, was
set to I, (3.0)=-0.547 [ion pairs / nm of CNT length].

The changes in the chemical potentials of co-solvent and solvent in the bulk solution are

related by the following Gibbs-Duhem equation:'

duy :_X_V'd:uv or  Auy z_X_V'A:UV ) (S7)
xX xX
where xp is the mole fraction of species B (B=X,V) in bulk solution.

Change of the chemical potential of solvent upon the co-solvent addition can be written as:
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A, =k,Tn(a,), (S8)
where kg is the Boltzmann constant, T is temperature, ay is the activity of the solvent.

Since in our case we have a diluted solution (0.15M), we may assume that the activity of the

solvent is equal to the mole fraction of solvent: a, = x,. Considering the ions as separate

. . . 1600
species we can estimate the mole fraction of solvent: x, =—————. The change of the

1600+27-2

chemical potential of solvent upon the co-solvent addition can be estimated:

A, = k,T-In(x, ). Thus, following the Equation S7 Au, ~-k,T -x—V~1n(xV)and the final

Xy

expression is (see Eq. S1):

Aptg = k,T T -L-In(x, ) (S9)

xX
We calculated the change in the chemical potential of CNT dissolved in NMP upon addition
of sodium iodide salt for all simulation we had (10 replicas and the last 20 ns of the initial
simulation). We present the results in the Table 1 of the main text and Table S2 of the

supporting information. Note, the values calculated by the Equation S2 are then normalized

by the surface of the CNT of 1 nm length (S =27r,.,,, where the radius of CNT(8,6)
Yeyy =0.47740.15 [nm] and CNT(6,5) 7.y, =0.377+0.15 [nm], 0.15 nm being the radius of
a carbon atom).

The change in the chemical potential of CNT is positive indicating an increase of the CNT

solvophobicity upon the salt addition.

Analyzing the described expressions, we can estimate how an increase of salt
concentration would affect the thermodynamic stability of the CNT-NMP dispersions. We

rewrite the Eq. S9 as:
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l-x,

Aptg ~ kT T, - In(l—x,) (S10)

X

Assuming that the particle radial density profiles do not change too much for small salt

concentration, we may conclude that the preferential interaction coefficient (equation S6) is

proportional to the salt concentration, so I'g, ~const-x,, where the const is negative.
Moreover, for small salt concentrations we also may assume In(l1-x,)~—x and (1 -X X) ~1.

The combination of the above mentioned formulas gives the following relation of Az and

the salt concentration x, :

Apig zconst‘kBT-(—xX) (S11)
Taking into account the negative sign of the const, we may conclude that with an increase

of the salt concentration Az increases (becomes more positive), thus the CNT becomes more

solvophobic.
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4. Details of experimental results

<Ay

l

Figure S4. Photographs of the samples. A) 15 minutes upon the salt addition; B) 5 hours upon
the salt addition; C) samples after ultracentrifugation.

The PL spectra intensity correlates with the concentration of the dispersed (single) CNTs
and small bundle in the dispersion.”** However it is known that metallic CNTs efficiently
quench PL of the bundle they belong to. Due to the high probability to meet a metallic CNT in
a big bundle, it is commonly accepted that the big bundles do not contribute much to the PL
spectra of CNTs dispersions.**

Full PL data are represented in Table S1. The CNT characteristic “spots” on the PL. maps
indicate the presence of the CNTs of different chiralities in the dispersion. However, at higher
concentrations of salt the remaining CNT concentration in negligible comparing to the initial
sample concentration.

The peaks on PL spectra indicate that upon the salt addition the dispersion contains CNTs
in either single dispersed or in small bundle forms. Absorption spectra confirm the results of
PL spectra. The monotonic drop of the absorption spectra intensities (Figure S6) shows that
the degree of sedimentation of the CNTs from the CNT-NMP dispersion can be regulated by

the salt concentration.
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Figure S5. Optical absorption of the samples with different concentration of Nal salts
immediately after addition of salts.

Table S1. PL spectra of the CNT-NMP-salt systems.
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Part 5. Effect of salt concentration on the preferential interaction coefficient: simulation

of the CNT(8,6) dissolved in 0.01M Nal solution in NMP.

To verify that the predicted “salting out” effect is still observed at lower salt concentrations
(close to those used in direct experiments), we performed additional simulations of a segment
of CNT(8,6) dissolved in a very diluted ion solution in NMP. For the small concentrations it
is not computationally affordable to use the standard MD simulations as we did in the main
article, because very long simulation times are required to collect sufficient statistics. Instead,

we estimated the radial density profiles of ions via their potentials of mean force.

1. Calculation of the density profile of ions for small ion concentrations (Cna=0.01M).

o CNT

probe
v
0.0
X, X Xy
N separations

Figure S6. Sketch representation of the simulation box for the simulations with low ion
concentrations in NMP.

We place a segment of CNT(8,6) in the simulation box of 5.988 x 5.988 x 5.188 nm’ size. The
box was filled with 1048 NMP molecules and a single probe ion (either Na" or I'). We
generated configurations with different separations between the probe ion and the CNT axis:
from 0.665 to 2.515 nm with the interval of 0.05 nm (38 in total) (see Figure S6). For each

separation we performed 4 independent “replica” simulations of 5 ns each with different
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initial configurations to improve statistics. The positions of the probe ion and CNT were
fixed. We collected the force acting on the probe ion (each 10" integration step) in the
direction of the vector connecting the ion and the CNT axis (the vector is perpendicular to the
CNT axis). Averaging the force data within the 4 replica simulations we obtained the “mean

force” on the probe ion as the function of distance from the CNT axis.

Integration of this profile gave us the potential of mean force (PMF, free energy profile) of the
probe ion at the CNT surface (the constant of integration is set such that the average of the
calculated PMF in the interval 2.2 nm < r < 2.5 nm is zero). The corresponding radial density

profiles of the ion at the CNT surface were obtained as:

p(g):_exp[P]\ZFT(r)j’

B

where PMF(r) is the potential of mean force, kg is the Boltzmann constant, 7 is the
temperature (300K), 0° is the number density of the corresponding species in the bulk

solutions.

2. MDD algorithms details.

We used the same simulation parameters as described in Part 1 of the supporting information,
except for the following. The charge of the single ion in the bulk of NMP molecules in the
simulation box was neutralized by the background compensating charge density uniform

within the simulation box.
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3. System preparation and collection of statistics.

In total we had 2 types of probe ions (sodium and iodide) * 38 probe-CNT axis separations *

4 replicas = 304 small simulations.

First, we generated the initial configuration for the system with a Na* probe ion at 2.515 nm
distance from the CNT axis. The configurations for other separations for the probe ion were
obtained by a short MD simulation where the probe particle was pulled” towards the surface
with constant velocity of 0.01 nm/ps. Each configuration was then simulated during 320 ps
simulation time in NVT ensemble at 800K, where the first 120 ps the temperature was
gradually increased from 300K to 800K. Starting from the 120 ps simulation time we stored
the configuration of the systems each 50 ps in a separate file resulting in 4 "replica™
configurations for each system. The resulting configurations were used as the initial
configurations for the simulations with iodide probe ion. During the 10 ps simulation time the
charge and potential parameters of the Na* ion were gradually transformed into the potential
parameters of I" ion at 800K. The systems with I" ion were simulated for 90 ps at 800K. For
each replica we performed NVT simulation with gradual decrease of the temperature from

800K to 300K during 100 ps (50 ps) in the case of Na* (I') probe ions.

The production run was performed in NVT ensemble at 300K and was 5 ns long for each
small simulation out of 304. The force acting on the probe particle was stored each 10"

integration step.
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4. Results.
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Figure S7. Mean force acting on the ions in direction connecting the ions and the CNT axis.
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Figure S8. Radial density profiles of a) sodium and b) iodide for two studies concentrations of
Nal salt.

Table S2 represents the preferential interaction coefficient (I'y, ) and the increase of

the CNT surface free energy by addition of the Nal salt into CNT-NMP dispersion ( Az ) for
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the low salt concentration Cny=0.01M. The positive value of Ay indicated that the salt

addition at the small ion concentration leads to the “salting-out” of CNT from the dispersion.
The difference of the KBI integrals (Table S2) is similar for the both salt concentrations; this
proves the CNT free energy increase is linearly proportional to the minus salt concentration
(see equation S10). This explains the experimental observations discussed in the main article
that the increase of the salt concentration increases the degree of the CNT precipitation from

the CNT-NMP dispersions.
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Table S2. The difference of the dimensionless ion-CNT and NMP-CNT Kirkwood-
Buff integrals (G, — Gy, ), preferential interaction coefficient (I'g, ) and estimated free
energy increase of CNT upon the salt additions (Azy ) for three considered systems with

different CNT chiralities and salt concentrations. Note, we calculated the values as averages
over the 11 and 4 independent simulations for the 0.15M and 0.01M salt concentrations,
correspondingly. We estimated the variances (errors) in the values by the following

Ll Y
Y 2|5

sim sim  i=1 sim

expression: var(t) = , where ¢ is the value of interest

(following Ref. 26). Note, the differences in the simulation methodologies for the two different
salt concentrations.

System: Gy, -Gy, r

2
per nm

s » number of ions | Az, kgT/nm’

CNT(8,06), -0.55+0.12 -0.12 +0.03 0.23 £ 0.06
C(Nal)=0.15M

CNT(6,5), -0.64 +0.13 -0.13 +0.03 0.26 = 0.06
C(Nal)=0.15M

CNT(8,6), -0.58 £0.10 -0.007 + 0.003 0.013 £ 0.005
C(Nal)=0.01M
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