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a b s t r a c t 

The efficient synthesis of inorganic nanoparticle-carbon nanotube hybrids requires the development of 

models and synthetic guidelines that can be used to maximise the interactions between both nanoma- 

terials. Herein we report the application of the Hansen surface energy based solubility parameter theory 

as a model for the selection of solvents that can maximise the interactions between iron oxide nanopar- 

ticles and MWCNTs. To achieve this, we synthesized iron oxide nanoparticle-MWCNT hybrid materials in 

three different solvents and characterized their composition with TGA. The solvent was found to have 

a significant impact in the final amount of iron oxide composition of the hybrids. The Hansen surface 

energy based solubility parameters of MWCNTs were characterized via inverse gas chromatography and 

were used to evaluate the interactions between the MWCNTs and the solvent media. Under this model 

we expected that large differences between the Hansen surface energy based solubility parameters of 

solvents and MWCNTs would be correlated with larger incorporation of iron oxide nanoparticles in the 

hybrids. The amount of iron oxide nanoparticles found in the hybrids were indeed consistent with the 

predictions of the Hansen surface energy based solubility parameter theory making it a powerful tool for 

the design of nanoparticle-carbon nanotube hybrids. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Hierarchical nanostructures that incorporate different nanoma- 

erials have demonstrated to display synergistic properties that 

rise from the close interaction between their constituents. Among 

he whole plethora of possible nanostructures, the synthesis of 

aterials that incorporate nanoparticles and carbon nanotubes 

CNTs) have been highlighted for their potential applications in en- 

rgy storage [1,2] , catalysis [3,4] , optoelectronic [5] , photovoltaic 

6] and light emitting devices [7] . In addition, these material sys- 

ems are particularly suitable for the controlled bottom-up synthe- 

is of nanostructures through simple wet chemical methods due to 

he capability of nanoparticles to be dispersed in a wide range of 
MWCNTs, Multiwall carbon nanotubes; IONPs, Iron oxide nanoparticles; 

AIONPs, Oleylamine coated IONPs; PSIONPs, Polystyrene coated IONPs. 
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olvents by the stabilisation of surface ligands [8] . In this way the 

ynthesis of hybrid structures can be obtained via the non-covalent 

nteractions between the surface ligands of nanoparticles and CNTs. 

ost literature so far has focused on reporting particular synthesis 

ethods and little attention has been given to studies that attempt 

o elucidate what are the parameters affecting the interactions be- 

ween nanoparticles and CNTs. In order to fully exploit the poten- 

ial of nanoparticle-carbon nanotube hybrids more studies should 

ocus in proposing general guidelines for the rational synthesis of 

hese hybrid structures. 

In general, the interactions between nanoparticles that are sta- 

ilised by surface ligands and CNTs have been classified as elec- 

rostatic [9] , hydrogen bond [10] , π − π interactions [11,12] , Van 

er Waals [13] , solvophobic [14] and charge transfer interactions 

15] . Although this classification is useful to understand how the 

hemical composition of the nanoparticles might be driving the 

unctionalization of CNTs, it does not provide practical guidelines 

f how these interactions might be maximised. Only a handful 

f studies have proposed models that can be used to predict the 

ffect that some parameters have in the non-covalent synthesis 
under the CC BY-NC-ND license 
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of 300 or 200 kV. 
f nanoparticle-carbon nanotube hybrids. The limited literature in 

his topic have focused on the estimation of the interactions be- 

ween CNT and the nanoparticle core [13,16] . In particular, Rance 

t al. [16] studied the synthesis of gold nanoparticles (AuNPs) and 

ultiwall carbon nanotubes (MWCNTs) hybrids in different sol- 

ents. They found that the dielectric constant seemed to play a key 

ole in the amount of nanoparticles incorporated into the hybrid. 

hey hypothesised that the solvent served as a dielectric that regu- 

ated the inherent negative surface charge of both AuNP and MWC- 

Ts. In this way, as the dielectric constant of the solvent decreased, 

he functionalization of MWCNTs with AuNPs increased due to an 

lectrostatic effect. 

Another way that solvents affect the interactions between CNTs 

nd nanoparticles are through solvophobic effects. In this case, the 

riving force of the functionalization is the decrease of the high 

nergy interphase between CNTs and solvent molecules due to the 

dsorption of nanoparticles on the CNT surface. However, there 

ave been no models so far that could be used to estimate the un- 

avourable solvent-CNT interactions to predict the degree of func- 

ionalization of CNTs with inorganic nanoparticles in different sol- 

ents. Previously, we have reported that the Hansen Surface En- 

rgy Based Solubility Parameter (SEBSP) theory can be used to pre- 

ict the degree of polymer functionalization of MWCNTs, which is 

riven by analogous solvophobic effects [17] . In particular, our pre- 

ious research found that the Hansen SEBSP theory is the most 

uitable for the prediction of the degree of polystyrene function- 

lization of MWCNTs in different organic solvents [17] . 

The Hansen SEBSP theory is derived from the Hansen solubil- 

ty parameter theory (HSP) and differs in the use of surface energy 

alues (E S ) of substances instead of their cohesive energy. Thus, the 

ansen SEBSP proposes that the total surface energy of a substance 

E S,Total ) should be divided into dispersive, polar and electron ex- 

hange contributions as follows [18] : 

 S,Total = E S,D + E S,P + E S,H (1) 

Each of these three contributions have a related solubility pa- 

ameter ( ∂ D,P,H ) that is specific for each substance and defined as 

18] : 

 D,P,H = 

√ 

E S,D,P,H (2) 

If the solubility parameters of two substances such as CNTs and 

olvents are plotted in a 3-dimensional space, the distance be- 

ween each point will be proportional to their enthalpy of mixing. 

he Hansen SEBSP distance (R a ) is calculated as follows [18] : 

 a = 

√ (
∂ CNT 

D 
− ∂ Sol 

D 

)2 + 

(
∂ CNT 

P 
− ∂ Sol 

P 

)2 + 

(
∂ CNT 

H 
− ∂ Sol 

H 

)2 
(3) 

Where ∂ CNT 
D,P,H 

and ∂ sol 
D,P,H 

are the SEBSP of the CNTs and solvent 

espectively. Thus, the enthalpy of mixing is minimised when the 

EBSP of substance are similar, which in turn leads to a small R a 

istance. For the purpose of the functionalization of MWCNTs with 

anoparticles through solvophobic effects, we would expect that 

s the R a value between a solvent and the CNTs increases a higher 

umber of nanoparticles would interact with the CNTs to minimise 

he unfavourable solvent-CNT interactions. 

The values for the SEBSP of a substance can be directly calcu- 

ated using previously reported surface energies and HSP that were 

riginally derived using the cohesive energies of each substance 

18] . While the values for the HSP of organic solvents are widely 

vailable in the literature, obtaining the specific values for nano- 

aterials such as CNTs is not as straight forward. So far, the HSP of 

NTs have been reported by evaluating CNT dispersions in different 

olvents [18–20] and through inverse gas chromatography (IGC) 

21] . Two conclusions can be drawn from these studies: First, the 

SP seem to vary for different CNT samples with different degree 

f graphitization, number of walls and surface chemistry [19,20] . 
2 
or this reason, it should be expected that variations will occur 

n samples that have been synthesized by different methodologies, 

hich would present different structural characteristics and sur- 

ace compositions. Second, the measurement of the HSP of CNTs 

hrough inverse gas chromatography has provided the best quality 

f prediction that can be found in the literature [21] . 

IGC estimates the HSP of a CNT sample by the direct mea- 

urement of the enthalpy of absorption of solvent probes on the 

urface of the CNTs. On the other hand, procedures based on dis- 

ersion methodologies are not directly measuring thermodynamic 

nteractions but the stability of CNT dispersions in different sol- 

ents. Previous theoretical research has found that the stability of 

NT dispersion not only depends on the solvent-CNT interactions 

ut also the conformation of the solvation sphere and the surface 

harge of the CNTs [22] . For this reason, dispersion studies should 

ot be considered as reliable in comparison to IGC to evaluate the 

olvent-CNT interactions. 

Herein, we used the SEBSP to understand the difference of iron 

xide nanoparticle (IONP) content observed in IONP-MWCNTs hy- 

rids synthesized in different solvents. To achieve this, we synthe- 

ized IONPs coated with oleylamine ligands (OAIONPs) through a 

hermal decomposition method. To obtain a material that could 

e analogous to our previous research of polystyrene functionaliza- 

ion of MWCNTs, we exchanged the oleylamine surface ligands for 

hort polystyrene chains thus obtaining polystyrene coated IONPs 

PSIONPs). Afterwards we synthesized PSIONP-MWCNT hybrids in 

hree different organic solvents and quantitatively characterized 

he content of iron oxide nanoparticles present in the hybrids. In 

ddition, we measured the SEBSP of the MWCNTs through IGC 

nd calculated the Hansen SEBSP distance with each solvent. Fi- 

ally, the Hansen SEBSP distance was compared with the amount 

f PSIONPs found in the hybrids showing a strong correlation be- 

ween them. 

. Experimental section 

.1. Materials 

The MWCNTs used during this study were NC70 0 0 MWCNTs 

btained from Nanocyl. 

For the IGC characterization of the MWCNTs the following sol- 

ents were used. n-Octane (anhydrous ≥99%), n-heptane (HPLC 

rade ≥99%), n-hexane (HPLC grade ≥99.5%), ethanol (puriss. p.a., 

CS reagent, absolute alcohol), ethyl acetate (HPLC grade ≥99.7%), 

cetonitrile (HPLC grade ≥99.9%) and dichloromethane (HPLC grade 

99.8%) were purchased from Sigma Aldrich. Toluene ( ≥99.5%, 

nalaR NORMAPUR ACS, Reag. Ph. Eur.) was obtained from VWR 

hemicals. 

Tetrahydrofuran (HPLC grade ≥99.9%), styrene (contain- 

ng 4-Tertbutyl catechol ≥99%), 2,2-bipyridine (99%), 2-(4- 

romomethyl)phenylpropionic acid (96%) and copper (I) bro- 

ide (99.999% trace metal basis) were used for the synthesis of 

olystyrene by atom transfer polymerisation and were purchased 

rom Sigma-Aldrich. 

The iron (III) acetylacetonate ( ≥99.9% trace metals basis), 

leylamine (technical grade 70%), ethanol (puriss.), tetrahydrofu- 

an (HPLC grade ≥99.9%), dichloromethane (DCM) ( ≥99.98%) and 

oluene (HPLC grade ≥ 99.99%) used for the nanoparticle synthe- 

is, ligand exchange and nanoparticle functionalization of NC70 0 0 

WCNTs were purchased from Sigma Aldrich. 

.2. General characterization 

Transmission Electron Microscopy images were recorded on a 

EOL 30 0 0F TEM microscope operating in an accelerating voltage 
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FTIR spectroscopy data was acquired in a Varian Excalibur FTS 

500 FTIR spectrometer using attenuated total reflection (ATR) 

ode. 

Themogravimetric analysis was performed under air atmo- 

phere in a Perkin Elmer Diamond TG/DTA6300. Approximately 

 mg of sample were used for each experiment. For the analysis 

f the NP-MWCNTs composites in air the samples were preheated 

rom room temperature to 100 ◦C, where they were held in an 

sothermal scan for 10 min to remove water from the sample pan. 

he sample was heated at a rate of 10 ◦C/minute to 340 ◦C, where 

t was held in a isothermal scan for 20 min. Finally, the sample 

as heated to 800 ◦C at a rate of 10 ◦C/minute. 

For X-ray photoelectron spectroscopy (XPS) analysis the spec- 

rum was acquired using a Thermo Scientific K-Alpha XPS in- 

trument equipped with a microfocused monochromated Al X-ray 

ource. 

.3. IGC analysis of MWCNTs 

The surface energy analysis of MWNCTs was performed us- 

ng an inverse gas chromatography surface energy analyser (IGC 

EA) manufactured by Surface Measurement Systems (SMS). For 

he analysis, approximately 10 mg of MWCNTs sample was packed 

nto a silanised glass column (internal diameter of 3 mm) with 

ilanised glass wool on both ends to prevent powder movement. 

he sample was packed by mechanical tapping using a jolting volt- 

eter (SMS) to remove voids in the sample. The packed column 

as placed in an oven to condition for analysis at a 0%RH (relative 

umidity) for 2 h under helium flow. The IGC measurements were 

erformed in a range of temperature form 50–110 ◦C at 0%RH. He- 

ium was used as carrier gas at a flow rate of 12 mL/min. Methane 

as used as a reference gas to determine the dead volume. The 

nalysis was performed at an infinite dilution region using octane, 

eptane and hexane to determine the dispersive surface energy 

nteractions of MWCNTs. To evaluate the non-dispersive hydrogen 

onding interactions, ethyl acetate, dichloromethane, toluene and 

cetonitrile were employed as probe molecules. 

.4. Synthesis of iron oxide nanoparticles 

The synthesis of iron oxide nanoparticles was conducted ac- 

ording previous research [23,24] . In a typical experiment iron (III) 

cetylacetonate (1g, 3mmol, 1eq) and 30 mL of oleylamine were 

easured and transferred to a 100 mL three-necked round bottom 

ask fitted with an immersion-type thermocouple. The flask was 

onnected to Schlenk line and the thermocouple was connected to 

 proportional-integral-derivative (PID)-controlled heating mantle 

nd the flask sealed with a ground-glass stopper. The mixture was 

vacuated under vacuum and flushed with nitrogen a total of three 

imes. The mixture was heated under vacuum to 100 ◦C, the tem- 

erature was held for 30 min to remove any moisture from the re- 

ction mixture. Afterwards, the mixture was heated to 300 ◦C and 

he temperature was held for 1 h. The reaction mixture was cooled 

o room temperature and 50 mL of ethanol were added. The mix- 

ure was transferred into 3 separate centrifuge tubes and the mix- 

ure was centrifuged at 4250 rpm for 10 min resulting in the sep- 

ration of a clear supernatant and a black pellet in the bottom of 

he tubes. The clear supernatant was discarded, 10 mL of ethanol 

ere added to each tube and the solid pellets were sonicated for 

 min. The mixture was centrifuged at 4250 rpm for 5 min, the 

lear supernatant was discarded and the nanoparticles were solu- 

ilised in an organic solvent. 

.5. Synthesis of polystyrene 

The methodology for the synthesis of polystyrene was 

ased on a ATRP procedure reported previously using (bro- 
3 
omethyl)phenyl]propionic acid as an initiator [25] . This specific 

nitiator molecule incorporated a COOH end group that was used 

o coordinate the polystyrene with the IONPs. 1 H NMR was con- 

istent with the expected polystyrene spectrum and MALDI-TOF 

ass spectrometry showed that the difference of the molecular 

ass between peaks is equal to 104 g/mol consistent with the ex- 

ected mass of styrene monomers. 1 H NMR (450MHz, CDCl 3 ): 7.10- 

.50 ppm (broad, aromatic H), 4.5-4.2 (duplet, CH 2 -Br) 2.5-1.1 ppm 

broad, CH+CH 2 ). The polymer number average molecular weight 

Mn = 3333 g/mol) and weight average molecular weight (Mw = 

609) were determined by gel permeation chromatography. 

.6. Synthesis of polystyrene coated IONPs 

In a typical experiment 5 mL of a 5 mg/mL solution of 

olystyrene in toluene, 1 mL of 25 mg/mL solution of oleylamine 

oated IONP and 4 mL of toluene were mixed and left stirring at 

oom temperature for 24 h. The mixture was transferred to a cen- 

rifuge tube and precipitated by adding ethanol causing the ag- 

regation of the nanoparticles. The mixture was centrifuged for 

0 min at 4025 rpm, the supernatant was discarded and the solid 

ellet of IONPs was redispersed in 500 μL of toluene. To wash 

he unbound polystyrene from the sample, the nanoparticles were 

ashed by adding 500 μL of ethanol, followed by centrifugation 

t for 10 min at 4025 rpm. The supernatant was discarded and the 

olid pellet of IONPs was redispersed in 500 μL of toluene and 

ashed using the same procedure for a total of five repetitions. Fi- 

ally, the nanoparticles were dried using a nitrogen air gun and 

ispersed in a desired organic solvent (DCM, THF or toluene). 

.7. Synthesis of IONP-MWCNT hybrids 

A typical experiment for the non-covalent nanoparticle func- 

ionalization of MWCNTs with iron oxide nanoparticles consisted 

f mixing 5 mg of MWCNT, 1 mL of IONP solution in an organic 

olvent (DCM, Toluene or THF) with a concentration approximately 

5 mg/mL and 4 ml of the corresponding solvent (Toluene, DCM or 

HF). The mixture was ultrasonicated for 1 h in order to disperse 

he MWCNTs in the solvent medium. Afterwards the mixture was 

acuum filtered and washed 3 times with 10 mL of solvent. The 

olid filtrate was re-dispersed in 20 mL of solvent and ultrasoni- 

ated for 15 min, filtered and washed 3 times with 10 mL of sol- 

ent. This procedure was repeated three times in total. 

. Results and discussion 

.1. Synthesis of MWCNT-PSIONP hybrids 

IONPs stabilised with oleylamine ligands (OAIONPs) were syn- 

hesized as described in the Experimental Section and were char- 

cterized by TEM. The TEM micrographs in Figure S1 show that 

he OAIONPs presented an average diameter of 7.7 ± 1.8nm. It can 

e seen that the OAIONPs are not forming large disordered ag- 

lomerates but are instead arranged in ordered hexagonal domains 

hat are characteristic of ligand stabilised nanoparticles formed by 

he evaporation of stable nanoparticle dispersions [26] . DLS was 

sed to characterise the stability of OAIONPS dispersions in DCM, 

oluene and THF. The results showed that the particles were well 

ispersed in all three organic solvents and presented a unimodal 

istribution of particle size with an average hydrodynamic diame- 

er of approximately 10 nm. By subtracting the core diameter ob- 

ained via TEM from the DLS hydrodynamic diameter we calcu- 

ated that the oleylamine surface ligands are extending into the 

ulk of the solution with a ligand height of approximately 2.3 nm 

see Figure S3). 
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Fig. 1. PSIONP-MWCNT hybrids synthesized in A) THF B) Toluene C) DCM. The PSIONPS are found in close contact with the surface of the MWCNTs. There was no individual 

PSIONPS found in areas where MWCNTs were not present, suggesting that the PSIONP in the hybrids are in fact interacting with the MWCNTs instead of separating into 

a different phase. It can be also observed that the amount of PSIONP found in the hybrids is dependent on the solvent used during the functionalization. In this case the 

hybrids synthesized in THF seemed to present the larger content of PSIONPs, while the hybrids synthesized in DCM presented the least amount of PSIONPs. 
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A ligand exchange procedure was used to exchange the oley- 

amine surface coating with short polystyrene chains. The pro- 

edure involved mixing the OAIONPs with polystyrene molecules 

ynthesized via ATRP that presented carboxylic acid end-groups. 

he weakly bound oleylamine was displaced by the polystyrene 

olecules due to a more robust coordination bond between the 

arboxylate end-group and the iron atoms at the surface of the 

article [27] . The PSIONPs were found to form stable dispersions 

n DCM, toluene and THF. The TEM micrographs of the samples 

howed no visible disordered aggregation of the particles in any 

f the solvents and presented similar ordered domains as was ob- 

erved for the OAIONPs (see Figure S2).The stability of the PSIONP 

ispersions was confirmed by DLS characterization, which showed 

 unimodal distribution with an average hydrodynamic diameter 

etween 12.3–13.3 nm in all three solvents (see Figure S3). The 

esulting height of the surfactant layer after ligand exchange was 

etween 4.6-5.6 nm for the PSIONPs, which is much larger in com- 

arison to the height observed for OAIONPs. The increased hydro- 

ynamic diameter observed after the ligand exchange strongly sug- 

ests that the IONPs have exchanged a smaller surface ligand such 

s oleylamine for a longer ligand such as our short polystyrene 

hains. These observations are consistent with previous reports 

here IONPs and gold nanoparticles coated with oleic acid and 

leylamine were exchanged with short polystyrene chain ligands 

28] . 

FTIR analysis before and after the ligand exchange procedure 

emonstrates the successful displacement of oleylamine ligands 

ith polystyrene. In Figure S4 it can be observed that the FTIR 

pectrum significantly changed after the ligand exchange proce- 

ure. This remark is more evident in Figure S4B,D and F, where 

t can be observed that after the ligand exchange procedure there 

s the presence of characteristic polystyrene signals such as the C- 

 aromatic stretch peaks in the range between 30 0 0–310 0 cm 

−1 , 

hree aromatic C 

= C stretch signals in the range between 1450–

600 cm 

−1 , and the C-H aromatic out-of-plane bending peaks in 

he range between 675–900 cm 

−1 . 

The synthesis of PSIONP-MWCNT hybrids was performed using 

HF, toluene and dichloromethane as solvent medium. These sol- 

ents were selected in order to obtain a representative sample of 

olecules with different physicochemical properties that could in- 

eract through different intermolecular forces with the MWCNTs 

nd PSIONPs. According to this selection, toluene represents sol- 

ents with a non-polar character. THF represents solvents with a 

ipole constant that show hydrogen bonding and electron donor 

haracteristics. Finally, DCM represents solvents with dipole con- 

tant that have no hydrogen bonding or electron donating char- 

cter. Thus, we could compare the effect that solvents with dif- 
4 
erent properties have in the final composition of the synthesized 

SIONP-MWCNT hybrids. The functionalization of MWCNTs with 

SIONPs was performed by mixing under ultrasonication a solution 

f PSIONPs and MWCNTs in a 5:1 wt ratio. The PSIONP-MWCNT 

ybrids were filtered, redispersed in the same solvent used dur- 

ng the functionalization and ultrasonicated. This washing proce- 

ure was repeated three times. After the third wash the character- 

stic amber colour of PSIONPs in the liquid phase separated by fil- 

ration disappeared completely, suggesting that most free PSIONPs 

ad been washed away from the solid phase. 

The TEM characterization of the hybrids synthesized in all three 

ifferent solvents are presented in Fig. 1 . The TEM characteriza- 

ion showed that the PSIONPs are coating and forming aggregates 

round the MWCNTs, while no evidence was found of individual 

r aggregated PSIONPs in areas separated from the MWCNTs. Thus, 

e can conclude that the PSIONPs are in fact functionalizing the 

WCNT walls and not segregating into a different phase. In ad- 

ition, it can be observed that the amount of PSIONPs functional- 

zing the surface of the MWCNTs seems to be dependent of the 

olvent used during synthesis. The PSIONP-MWCNT hybrids that 

eemed to present a larger amount of nanoparticles in their struc- 

ure were synthesized in THF ( Fig. 1 A) followed by the hybrids 

ade in toluene ( Fig. 1 B) and finally DCM ( Fig. 1 C). 

The PSIONP-MWCNT hybrids were dried and analysed in TGA to 

btain the composition of each hybrid. The analysis of the samples 

as performed under air atmosphere with two heating profiles 

hat aimed to decouple the oxidation of the organic ligands and 

he MWCNTs. Figure 2 show an example of the TGA time profile 

sed for the analysis of the PSIONPs-MWCNTs hybrids. As it can be 

bserved in Figure 2 B, we first performed a heating scan from 100 

o 340 ◦C a temperature at which the polystyrene chains started 

o decompose. Afterwards the temperature was held constant at 

40 ◦C for 20 min to fully decompose the PS ligands present in 

he sample. Finally, a second heating step from 340 to 800 ◦C was 

sed to oxidize the remaining MWCNTs. The determination of the 

eight content of ligands, MWCNTs and iron oxide in the samples 

s better described in Fig. 2 A. The first observed weight loss cor- 

esponds to the polystyrene ligands coating the PSIONPs, the sec- 

nd weight loss correspond to the MWCNT content in the sample 

nd the remaining weight correspond to the weight percentage of 

ron oxide. The determination of the composition of the PSIONP- 

WCNT hybrids through this heating profile is consistent with the 

emperature of decomposition observed in the TGA curves for the 

ndividual analysis of polystyrene, PSIONPs and MWCNTs that are 

resented in Figure S5. 

The summary of the TGA results is presented in Table 1 . The 

GA analysis provided us a detailed examination of the compo- 
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Table 1 

Summary of the composition of the PSIONP-MWCNT hybrids calculated by TGA. 

Solvent Average Average Average Average Average Average 

polystyrene MWCNT iron oxide IONP IO:MWCNT IONP: 

weight weight weight weight ratio MWCNT 

[wt%] [wt%] [wt%] [wt%] ratio 

THF 8.9 ± 0.3 17.8 ± 2.0 71.5 ± 2.4 80.4 ± 2.45 4.1 ± 0.6 4.6 ± 0.6 

Toluene 14.1 ± 1.5 25.5 ± 1.3 57.8 ± 1.5 71.9 ± 1.4 2.3 ± 0.2 2.8 ± 0.2 

DCM 13.8 ± 0.2 28.3 ± 2.3 55.1 ± 2.7 68.9 ± 2.6 2.0 ± 0.3 2.5 ± 0.3 

Fig. 2. TGA analysis of the samples A)PSIONPs-MWCNTs TGA time profile. An 

isothermal scan at 340 ◦C was used to fully decompose the polystyrene ligands B) 

PSIONPs-MWCNTs TGA temperature profile. The first weight loss is attributed to the 

oxidation of polystyrene ligands and the second weight loss is attributed to the ox- 

idation of MWCNTs. 
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ition of ligands, MWCNTs and iron oxide (IO) content of the 

SIONP-MWCNTs hybrids. In addition to the values directly ob- 

ained from the TGA profiles, we estimated the PSIONP weight 

omposition in the samples by adding the weight percentage com- 

osition of polystyrene and iron oxide. It can be observed from 

able 1 that the overall weight percentage composition of the 

SIONP varied greatly across the PSIONP-MWCNT samples depend- 

ng on the solvent used during the functionalization. Based on 

hese observations we can appreciate that THF was the solvent that 

resented the largest proportion of PSIONPs, followed by toluene 

nd DCM. These results show that there is a strong dependency 

etween the solvent medium used during the synthesis and the 

mount of PSIONPs found in the hybrids. Moreover, the relatively 

mall standard deviation (i.e. < 20%) observed in the experiments 

trongly indicates that the synthesis in each solvent medium has a 
5 
haracteristic degree of functionalization and is not due to random 

ariation. 

To obtain a more accurate value to be used for the compari- 

on across the samples we calculated the iron oxide to MWCNT ra- 

io (IO:MWCNT) and the PSIONP to MWCNT ratio (IONP:MWCNT). 

hese values were computed by dividing the weight percentage 

omposition of iron oxide or PSIONPs by the weight percentage 

omposition of MWCNTs respectively. Using the weight ratios as 

omparison between samples helps to understand how the content 

f PSIONPs in relation with the MWCNT content varied across the 

xperiments. As it can be observed the ratios varied in the order 

pecified before where THF resulted as the solvent with a larger 

mount of PSIONP followed by toluene and DCM. With these met- 

ics we can appreciate the extent of the increase in the PSIONP 

ontent between the samples, which was almost two-fold in THF 

hen compared to DCM. This observation shows the important 

ole that solvents can have to maximise the interactions between 

WCNTs and nanoparticles for the synthesis of PSIONP-MWCNT 

ybrids. 

Our previous research in the synthesis of functionalized MWC- 

Ts with polystyrene through solvophobic effects, showed that 

he strength of the solvophobic interactions between solvents and 

WCNTs can be estimated through the SEBSP theory. In addi- 

ion, this model was shown to correlate with the differences of 

he amount of polystyrene functionalization of MWCNTs observed 

hen they where prepared in different solvents [17] . To under- 

tand if the same solvophobic effects can explain the difference in 

he degree of PSIONP functionalization of MWCNTs in these three 

ifferent solvents we first measured the HSP of MWCNTs using 

GC. 

.2. IGC characterization of MWCNTs 

Previous research has shown that the values of the HSP for 

NTs samples can vary depending on their physical and chemical 

tructure [19,20] , for this reason we measured the surface energy 

nd HSP of the MWNCTs used during this study to obtain the most 

ccurate values for our analysis. The measurement of the HSP of 

WCNTs was done through IGC characterization (see Section S5 

or the summary of the experimental IGC data) using the Voelkel 

rocedure [21,29] . Briefly, the enthalpy of adsorption ( �H ads ) of 8 

olvent probes were obtained by measuring the retention volume 

V g ) of each probe at different temperatures. The �H ads for each 

robe is calculated by obtaining the slope of the following linear 

elationship between V g and the inverse of temperature (T): 

n ( V g ) = −�H ads 

RT 
+ C (4) 

The V g of eight solvent probes where thus obtained from IGC 

nalysis at temperatures ranging from 50 to 100 ◦C to calculate 

he �H ads of each solvent on the MWCNTs. The �H ads was then 

sed to obtain the HSP of the MWCNTs by applying a multilinear 

egression on the following equation: 

�H ads = −�E ads = V i (δ
sol 
D δ

CNT 
D + δsol 

P δCNT 
P + δsol 

H δ
CNT 
H ) (5) 
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Table 2 

Values of the HSP for MWCNTs obtained through IGC. 

Sample Method δd δp δh b R 2 Ref 

[MPa 1 / 2 ] [MPa 1 / 2 ] [MPa 1 / 2 ] 

NC7000 Method 1 29.4 19.1 11.3 21.7 0.67 This work 

NC7000 Method 2 20.5 6.7 7.2 -1.6 0.82 This work 

CM250 - 21.3 6.8 3.2 - - [21] 
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Where V i is the molar volume of the solvent molecules, δsol 
D,P,H 

re the corresponding HSP of the solvent probes and δCNT 
D,P,H 

are the 

SP of the MWCNTs. The values for δsol 
D,P,H 

and the V i of the sol- 

ents are known quantities and were taken from previously re- 

orted values. The values for �H ads have been obtained through 

GC. Thus the linear equation presents 3 unknown coefficients that 

orrespond to the δCNT 
d,p,h 

of the MWCNTs, which can be obtained 

hrough a multilinear regression analysis [29] . 

Two different methods were used to estimate the HSP parame- 

ers of the MWCNTs and the results are presented in Table 2 . In 

ethod 1, we used the data directly obtained from the IGC for 

he multiple linear regression analysis. As it can be observed in 

able 2 , the results differ significantly from what it was obtained 

n previous reports. In particular, it is important to notice that the 

rediction given by the multiple linear regression has a large y- 

ntercept value (b). It can be seen from Eq. (5) that an �H ads equal 

o zero would be expected if the solvent probe presented a ∂ D,P,H 

qual to zero. The observation of a large value for the y-intercept 

s not consistent with the theory since it would imply that a sub- 

tance with δD,P,H equal to zero would still cause a change in the 

H ads . In Method 2, we added a hypothetical data point where a 

ubstance with a δD,P,H equal zero in order to correct for the ob- 

ervation of a large y-intercept. 

With this consideration in place, we performed a multiple lin- 

ar regression to obtain the HSP values of the MWCNTs. The result 

s presented in Table 2 , it can be seen that the Method 2 used 

o calculate the HSP parameters of the MWCNTs resulted in val- 

es closer to the values reported previously for MWCNTs by Lim 

t al. [21] . The MWCNTs used for this study presented a larger δh 

n comparison to Lim et al. report, this difference can be explained 

y noting that the XPS analysis of the MWCNTs showed a 1.61% 

ontent of oxygen atoms while the sample used by Lim et al. pre- 

ented 0.7% of oxygen atoms [21] . This difference suggests that the 

WCNTs analysed in this study have larger amount of oxygen rich 

unctional groups that can interact through hydrogen bonding in- 

eractions. On the other hand, the δh obtained through Method 1 is 

uch larger to what it was reported previously for MWCNTs and 

oes not correlate as closely with the increase of oxygen content 

etermined by XPS characterization of our MWCNT sample and 

hat was reported by Lim et al. This observations provide further 

upport for including the hypothetical corrective point. Moreover, 

he value of the y-intercept was considerably closer to zero and the 

 

2 value of the linear regression was closer to 1, indicating that a 

igher degree of linear relationship is observed in comparison to 

he values obtained through Method 1. For these reasons the HSP 

alues obtained through Method 2 were used for the calculation of 

he SEBSP of our MWCNTs. 

The determination of the surface energy of the MWCNTs was 

btained through IGC analysis according to the Schultz method 

30] . The calculated dispersive surface energy was 116.6 mJ/m 

2 at 

0 ◦C, this value is similar to previous reports that have measured 

he surface energy of Nanocyl NC70 0 0 MWCNTs. The polar contri- 

ution of the surface energy was determined to be 2.5 mJ/m 

2 . The 

otal surface energy was calculated to be 119.1 mJ/m 

2 by adding 

he polar and dispersive contribution of the surface energy, which 
n

6 
as used to obtain the SEBSP of the MWCNTs. The values of the 

SP and total surface energy obtained through IGC were used to 

alculate the SEBSP of MWCNTs as described in Section S6 of the 

upplementary Material. The analysis determined that the SEBSP 

f MWCNTs were ∂ d = 10.2 mJ 1 / 2 /m, ∂ p = 2.6 mJ 1 / 2 /m and ∂ h =
.8 mJ 1 / 2 /m. 

The strong dependence that the solvent medium has on the 

unctionalization of MWCNTs with the PSIONPS strongly suggest 

hat solvophobic effects play an important role mediating the in- 

eractions between these nanomaterials. The strength of the solvo- 

hobic effects is related to the thermodynamics of the solvent- 

WCNTs interactions. We propose that the estimation of the 

olvent-MWCNT interactions can also be used to understand the 

ifference in the final composition of the PSIONP-MWCNT hybrids 

ynthesized in different solvents. For this purpose we used the 

ansen SEBSP theory to estimate the solvent-MWCNTs by calcu- 

ating the R a distance between each solvent and the MWCNTs ac- 

ording to Eq. (3) . In this way, we would expect that as the R a dis-

ance between the solvent and the MWCNTs increased the larger 

mount of PSIONPs should be found in the hybrids. In Fig. 3 A we 

resent the plot of the IO:MWCNT weight ratio obtained for the 

ybrids in the three different solvents against the Hansen SEBSP 

 a distance between the MWCNTs and each solvent. It can be ob- 

erved that for the PSIONPs-MWCNTs hybrids the amount of IONPs 

n the hybrid increased linearly when the Hansen SEBSP R a dis- 

ance increased. In addition, the order of the magnitude of the R a 

istance was the same as the order observed for the IO:MWCNT 

atio obtained from the experimental data. This positive correla- 

ion is consistent with our hypothesis and with the behaviour ob- 

erved for the functionalization of MWCNTs with polystyrene [17] . 

his evidence supports the use of the SEBSP as a model to select 

olvents that maximise the content of nanoparticles for the syn- 

hesis of nanoparticle-MWCNT hybrids. 

Finally, in Fig. 3 B the values of the IO:MWCNT ratio was plotted 

gainst values of the dielectric constant of the solvents used dur- 

ng the synthesis. Rance et al. [16] previously demonstrated that 

he dielectric constant of the solvent may have an impact in the 

nal composition of AuNP-MWCNT hybrids. In their study the dif- 

erence in the amount of functionalization of MWCNTs with AuNPs 

as linked to the increase of localised negative surface charge in 

he nanomaterials when the dielectric constant of the solvent in- 

reased. However, in this case the dielectric constant of the sol- 

ent seems to have no correlation with the amount of nanoparti- 

les found in the hybrid. On the other hand, the SEBSP seems to 

rovide a more accurate descriptive model in this instance. While 

his observation does not discredit the observations reported by 

ance et al. [16] it does suggest that the surface charge of the 

WCNTs and the PSIONP do not play a crucial role in the fi- 

al composition of these hybrids. Is important to note that the 

odecanethiol ligands stabilising the gold nanoparticles in Rance 

t al. study are shorter in length in comparison to the polystyrene 

igands used in our experiments. The electrostatic forces de- 

rease quadratically with distance, which would explain why these 

orces might play a less important role in our system that uses 

arger polystyrene chains as surfactants coating the inorganic 

anoparticles. 
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Fig. 3. Plot of the A) Hansen SEBSP difference between solvents and MWCNTs 

against IO:MWCNT ratio for PSIONPs-MWCNT B) Dielectric constant against the 

IO:MWCNT ratio for PSIONP-MWCNT. 
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. Conclusions 

In this work, we propose the use of the Hansen surface energy- 

ased solubility parameter theory as a model to evaluate the 

mount of nanoparticle functionalization observed for MWCNTs 

n different solvents. In order to test this model we synthesized 

SIONP-MWCNT hybrid materials in different solvents. The TGA 

nalysis of the hybrids showed a characteristic nanoparticle com- 

osition depending on the solvent used during synthesis demon- 

trating the importance of the MWCNT-solvent interactions for the 

ynthesis of PSIONP-MWCNT hybrids. To obtain the most accurate 

redictions from the Hansen SEBSP model we measured the sur- 

ace properties of the MWCNTs with IGC obtaining the surface en- 

rgy and Hansen solubility parameters of the material. With this 

ata we calculated the SEBSP Hansen R a distance between the 

WCNTs and the solvents to understand the observed differences 

f composition of the PSIONP-MWCNT hybrids. The model showed 

ood agreement with the experimental characterization, demon- 
7 
trating the important role that solvophobic interactions have dur- 

ng the functionalization of MWNCTs with inorganic nanoparti- 

les. The large differences observed in the final composition of the 

SIONP-MWCNT synthesized in different solvents were significant 

nd the selection of an appropriate solvent can be used to max- 

mise the nanoparticle-MWCNT interactions. These observations 

re relevant for applications where a large amount of nanoparticles 

re desired in the final composition of the nanoparticle-MWCNT 

ybrids. This fundamental study advances our current understand- 

ng of the synthesis of inorganic nanoparticle-MWCNT hybrids and 

e believe that will aid future research by providing synthetic 

uidelines for the synthesis of these hybrid materials. 
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