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1- N-Isopropylacrylamide (NIPAM) Monomer: 
 

 
Figure S1. Schematic representation of a monomer of NIPAM. 

 

2- The Applied Force Field: 

Investigations on PNIPAM, G and GO in water were studied based on all-atom MD simulations 

using polymer consistent force-field (PCFF).1-3 This Class II force-field incorporates both 

covalent and non-covalent terms, and its applicability has been validated by quantum mechanics 

methods.2,4 PCFF has successfully been employed for investigating various polymer systems,5 

particularly PNIPAM in water and its CG transition4,6,7 as well as graphene nanocomposites.8-10 

Potential energy components of the PCFF force field are as follows: 

 

E୲୭୲ୟ୪ ൌ ෍ ሾKଶሺb െ b଴ሻଶ ൅ Kଷሺb െ b଴ሻଷ ൅ Kସሺb െ b଴ሻସሿ
ୠ୭୬ୢ ୠ

 

൅ ෍ ሾ𝐻ଶሺ𝜃 െ 𝜃଴ሻଶ ൅ 𝐻ଷሺ𝜃 െ 𝜃଴ሻଷ ൅ 𝐻ସሺ𝜃 െ 𝜃଴ሻସሿ
௔௡௚௟௘ ఏ

 

൅ ෍ ሾ𝑉ଵሾ1 െ cos ሺ𝜙 െ 𝜙ଵ
଴ሻሿ ൅ 𝑉ଶሾ1 െ cos ሺ2𝜙 െ 𝜙ଶ

଴ሻሿ ൅ 𝑉ଷሾ1 െ cos ሺ3𝜙 െ 𝜙ଷ
଴ሻሿሿ

௧௢௥௦௜௢௡ థ

 

൅ ෍ ሾ𝑘௫𝜒ଶሿ
௢௨௧ି௢௙ି௣௟௔௡௘ ఞ

 

൅ ෍ ෍ 𝐹௕௕ᇲሺ𝑏 െ 𝑏଴ሻሺ𝑏ᇱ െ 𝑏଴
ᇱ ሻ

௕௢௡ௗ ௕ᇲ௕௢௡ௗ ௕

  



3 
 

൅ ෍ ෍ 𝐹ఏఏᇲሺ𝜃 െ 𝜃଴ሻሺ𝜃ᇱ െ 𝜃଴
ᇱ ሻ

௔௡௚௟௘ ఏᇲ௔௡௚௟௘ ఏ

  

൅ ෍ ෍ 𝐹௕ఏሺ𝑏 െ 𝑏଴ሻሺ𝜃 െ 𝜃଴ሻ
௔௡௚௟௘ ఏ௕௢௡ௗ ௕

 

൅ ෍ ෍ ሺ𝑏 െ 𝑏଴ሻሺ𝑉ଵ𝑐𝑜𝑠𝜙 ൅ 𝑉ଶ𝑐𝑜𝑠2𝜙 ൅ 𝑉ଷ𝑐𝑜𝑠3𝜙ሻ
௧௢௥௦௜௢௡ థ௕௢௡ௗ ௕

 

൅ ෍ ෍ ሺ𝑏ᇱ െ 𝑏଴
ᇱ ሻሺ𝑉ଵ𝑐𝑜𝑠𝜙 ൅ 𝑉ଶ𝑐𝑜𝑠2𝜙 ൅ 𝑉ଷ𝑐𝑜𝑠3𝜙ሻ

௧௢௥௦௜௢௡ థ௕௢௡ௗ ௕ᇲ

 

൅ ෍ ෍ ሺ𝜃 െ 𝜃଴ሻሺ𝑉ଵ𝑐𝑜𝑠𝜙 ൅ 𝑉ଶ𝑐𝑜𝑠2𝜙 ൅ 𝑉ଷ𝑐𝑜𝑠3𝜙ሻ
௧௢௥௦௜௢௡ థ௔௡௚௟௘ ఏ

 

൅ ෍ ෍ ෍ 𝐹థఏఏᇲ𝑐𝑜𝑠
௔௡௚௟௘ ఏᇲ ௔௡௚௟௘ ఏ௧௢௥௦௜௢௡ థ 

𝜙ሺ𝜃 െ 𝜃଴ሻሺ𝜃ᇱ െ 𝜃଴
ᇱ ሻ 

൅ ෍
𝑞௜𝑞௝

𝜀𝑟௜௝௜வ௝ 

 

൅ ∑ ൤
஺೔ೕ

௥೔ೕ
వ െ

஻೔ೕ

௥೔ೕ
ల ൨௜வ௝  (ES1) 

where 𝑏 and 𝑏ᇱ are bond lengths, 𝜃 is the bond angle, 𝜙 is the dihedral torsion angle, 𝜒 is the out-

of-plane angle, 𝑞 is the atomic charge, 𝜀 is the dielectric constant, and 𝑟௜௝ is the distance between 

atom i and atom j. The first four components represent the valence interactions. The next seven 

components indicate the valence cross-terms, and the last two indicate the Coulombic and van 

der Waals terms, respectively. The parameters 𝑏଴, 𝐾௜ (𝑖 = 2–4), 𝜃଴, 𝐻௜ (𝑖 = 2–4), 𝜙௜
଴ (𝑖 = 1–3), 𝑉𝒊  

(𝑖 = 1–3), 𝑏଴
ᇱ , 𝜃଴

ᇱ , 𝐹௕௕ᇲ, 𝐹ఏఏᇲ, 𝐹௕ఏ, 𝐹థఏఏᇲ, 𝐴௜௝ and 𝐵௜௝ were obtained from the works of Sun et al. 

1-3 

 

3- Radius of Gyration and Contact Surface Area: 

In order to monitor the CG transition, the radius of gyration (Rg) was calculated at each 

temperature. Rg is a measure of the size of a group of atoms, and is computed using: 
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where M is the total mass of the polymer chain, rcm is the center-of-mass (COM) of the polymer 

chain, and the sum is over all the atoms in the polymer chain. 

The area of the molecular surface defined by the contact surface between two molecules is 

called the interface area or contact surface area (CSA) of the molecular assembly. This parameter 

is an indicative of the adsorption of PNIPAM on the surface, and can be calculated as:11 
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ଶ
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where SASAPNIPAM and SASAsheet are the solvent accessible surface areas of the PNIPAM chain 

and G/GO sheet, respectively, and SASAcomplex is that of the whole assembly of the sheet and 

PNIPAM. The solvent accessible surface areas were calculated using the overlapping spheres 

algorithm.12,13 

 
 
4- Accuracy of the Computational Model: 

The validity of our method and the model was tested by measuring the transition temperature of 

PNIPAM chain in water using a temperature stepping algorithm. As shown in Figure S2, the 

polymer did not show any significant change in the Rg value until the temperature reached 304 

K, at which it demonstrated a clear decline from ~15 Å to ~10 Å, followed by a constant Rg with 

further increase in temperature. This change at 304 K indicates the CG transition, also depicted 

in Figure S3. The LCST of 304 K is in good agreement with previous simulation and 

experimental results on PNIPAM CG transition,14,15 and illustrates the validity of the applied 

method. 
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Figure S2. CG transformation of PNIPAM in water at 304 K as revealed by the decrease in Rg. For visualization 
snapshots, see Figure S3. 
 

 

 

Figure S3. Representative snapshots for PNIPAM in water at various temperatures. Water molecules are not shown 
for clarity. 

 

5- Simulated Annealing:  

To examine the temperature stepping method adequately samples the configurational phase 

space, we performed simulated annealing at high temperatures followed by a slow cooling for 

two representative cases of PNIPAM conformations on G (Figure S4) and two representative 

cases of PNIPAM conformations on GO (Figure S5). Here, the system was heated to 1000 K, 

followed by cooling via temperature down-stepping. Finally, the samples were annealed at 
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temperatures below and above the LCST of PNIPAM (Figures S4a and S5a). For PNIPAM-G, 

the two final temperatures were 330 K and 370 K, while for PNIPAM-GO, temperatures were 

298 K and 310 K. Figure S4b and S5b show the evolution of the values of Rg, while Figures 

S4c,d and S5c,d show the fully equilibrated configurations at the corresponding temperatures. In 

PNIPAM-G system, the values for Rg were Rg(330 K) = 17.5±0.4 Å (coil) and Rg(370 K) = 12.7±0.2 Å 

(Globule), whilst in PNIPAM-GO system, they were Rg(298 K) = 16.2±0.6 Å (coil) and Rg(310 K) = 

11.0±0.2 Å (Globule). Overall, these results are fully consistent with those obtained from the 

temperature stepping algorithm, thus confirming an effective sampling of the phase space.   

 

Figure S4. Method and results of the simulated annealing for PNIPAM-G system: (a) Simulated annealing 
algorithm, and (b) evolution of Rg as a function of time. Representative snapshots for the configuration of PNIPAM 
on G at 330 K (c), and 370 K (d). Carbon atoms of the polymer backbone are shown by red spheres. Water 
molecules are not shown for clarity. 
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Figure S5. Method and results of the simulated annealing for PNIPAM-GO system: (a) Simulated annealing 
algorithm, and (b) evolution of Rg as a function of time. Representative snapshots for the configuration of PNIPAM 
on GO at 298 K (c), and 310 K (d). Carbon atoms of the polymer backbone are shown by red spheres. Water 
molecules are not shown for clarity. 

 

6- Radial Distribution Functions: 

Radial distribution functions (RDF) were calculated for major atoms of PNIPAM with respect to 

the oxygen atoms of water molecules to examine the arrangement of water molecules in the 

proximity of PNIPAM (Figure S6). The curves in the RDF diagrams correspond to PNIPAM 

before and after the CG transition. RDF curves for Op-Ow and Ch2b-Ow in hybrid systems 

resemble those of a single PNIPAM chain in water. The curves also show peak shifts and 

reduced peak intensities as a result of a transition to the globular form, indicating that fewer 

water molecules surround PNIPAM in the globular configuration. Given that the first two peaks 
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correspond to the first two hydration layers, it can be seen that the second peaks in Ch2b-Ow 

curves are still maintained in the adsorbed state, demonstrating that adsorption of PNIPAM onto 

G/GO in the coil form does not distort the proximal second hydration layer.6 The globular 

PNIPAM on G/GO leads to a distortion of the second hydration layer, as indicated by the 

significantly reduced intensity of the second peak in the RDF curves of the Ch2b-Ow pair. These 

observations again substantiate the formation of the globular configuration for the adsorbed 

PNIPAM. 

 

 
Figure S6. RDF diagrams for (a) Op-Ow and (b) Ch2b-Ow pairs in PNIPAM, PNIPAM-G, and PNIPAM-GO systems. 
Op, Ow, Ch2b represent oxygen atom of PNIPAM, oxygen atom of water molecule, and carbon atom of -CH2 group in 
PNIPAM backbone, respectively.  

 
7- Hydrogen Bonding: 

Intermolecular and intramolecular hydrogen bonds were investigated to further study the 

hydrophilic interactions and solvation of the polymer chain. Possible sites for the formation of 

hydrogen bonds in PNIPAM are carbonyl oxygen (Op) and hydrogen of amide group (Hp). In 

GO, potential sites for hydrogen bonding are oxygen of epoxy groups (OGO) and hydrogen (HGO) 
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and oxygen (OGO) of hydroxyl groups, while in a water molecule bonding can form via hydrogen 

(Hw) and water oxygen (Ow). 

As shown in Figure S7a, the pure polymer formed on average 62 hydrogen bonds with water 

molecules in the first hydration layer. This value decreased to a mean value of 48 at 304 K, with 

no substantial change upon increasing the temperature to 370 K. This decline indicates the CG 

transition, which results in fewer hydrogen bonds between PNIPAM and water molecules, but 

more intramolecular hydrogen bonds in PNIPAM (Figure S7a). Similar results were reported by 

Abbott et al.16 The reduced number of hydrogen bonds between polymer and water molecules 

indicates its less hydrophilic nature at high temperatures and is consistent with the decreased 

number of water molecules in the first hydration layer. This finding again confirms that polymer-

water hydrogen bonds play a crucial role in keeping the polymer in an extended form.  

For PNIPAM adsorbed on G sheets, the average number of hydrogen bonds between 

PNIPAM and water molecules decreased from 51 to 47 at 350 K (Figure S7b), associated with 

the CG transition. The former value, which corresponds to the coil configuration of PNIPAM, 

was greater compared with that of an individual globular PNIPAM molecule (Figure S7a). This 

indicates that the adsorption on G occurred mostly via hydrophobic groups, whereby the 

hydrophilic segments still had the opportunity to form hydrogen bonds, thus retaining their 

hydrophilic characteristic.17-19 Additionally, the number of intramolecular hydrogen bonds in 

PNIPAM shows an increase at 350 K due to the CG transition. The intramolecular hydrogen 

bonds were preserved with further increase in temperature which corroborates formation of a 

tightly collapsed-chain conformation and confirms the occurrence of the CG transition in the 

hybrid system.20 
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Figure S7c illustrates the number of hydrogen bonds for PNIPAM adsorbed on GO sheet as 

a function of temperature. The transformation at 304 K was accompanied by a decrease in the 

number of PNIPAM–water intermolecular hydrogen bonds from 55 to 47, while the number of 

intramolecular hydrogen bonds increased. As with PNIPAM on G, this increase in intramolecular 

hydrogen bonds is minor compared to the intermolecular hydrogen bonds formed with water 

molecules. In contrast to the PNIPAM adsorbed on G, PNIPAM can form intermolecular 

hydrogen bonds with GO. Although few of these bonds were formed, they were retained with 

further increase of temperature and through the CG transition. 
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Figure S7. Variations of the number of hydrogen bonds between various components in (a) PNIPAM, (b) PNIPAM-
G, and (c) PNIPAM-GO in aqueous solution and at various temperatures. 
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8- Conceptual Explanation for the LCST Change of PNIPAM in Hybrid Systems: 

Fundamentally, the CG transition of PNIPAM is driven by entropy increase, largely due to an 

increase in the configurational freedom of the water molecules formerly H-bonded with the 

polymer. When polymer is strongly adsorbed on the G surface, it releases fewer water molecules 

from its first hydration layer during the CG transition as compared with the transformation of a 

pure PNIPAM. This is represented as a smaller line slope for the adsorbed polymer in globule 

form compared to the line for a pure globule PNIPAM (α1 > α2) (Figure S8). Overall, this results 

in an increase in the LCST of PNIPAM adsorbed on the surface of G. 

 

Figure S8. A schematic illustration of the thermodynamics of phase stability of PNIPAM in aqueous solution. (a) 
Pure PNIPAM, the CG transition occurs at the conventional LCST (~304 K). (b) Adsorbed PNIPAM, the CG 
transition occurs at higher temperatures. Adsorption on the surface causes a smaller increase in entropy during the 
formation of the globule phase (α1 > α2), leading to an increased LCST.  
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