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ABSTRACT. High internal phase emulsions (HIPEs) have been of great interest for fabricating

fluorinated porous polymers having controlled pore structures with excellent physicochemical

properties. However, it remains a challenge to prepare stable fluorocarbon HIPEs, due to the lack

of  suitable  surfactants.  By  randomly  grating  hydrophilic  and  fluorophilic  side  chains  to

polyphosphazene  (PPZ), a  comb-like  amphiphilic  PPZ  surfactant  with  biodegradability  was

designed  and  synthesized  for  stabilizing  water/fluorocarbon  oil-based  emulsions.  The

hydrophilic-lipophilic balance of PPZs can be controlled by tuning the grating ratio of the two

side chains, leading to the preparation of stable water-in-oil HIPEs and oil-in-water emulsions,

and then to the production of fluorinated porous polymers and particles by polymerizing the oil

phase.  These  fluorinated  porous  polymers  show  excellent  thermal  stability  and,  due  to  the

hydrophobicity  and porous  structure,  applications  in  the  field  of  oil/water  separation  can  be

achieved.

Introduction

Fluorinated  porous  polymers  have  attracted  much  attention,  due  to  their  advantageous

properties,  including  low-surface-energy,  anti-corrosion,  thermal  stability  and  chemical

resistance, arising from the very special properties of fluorine1-4, and find applications in many

fields, such as oil-water separation, water remediation5-7, gas adsorption8, tissue engineering9 and

electrode materials10,  11. One of the most feasible and efficient methods to prepare fluorinated

porous polymers is the use of water-in-fluorocarbon high internal phase emulsions (HIPEs) as

templates from polyHIPEs12, where the continuous phase, consisting of fluorinated monomers,

crosslinkers and fluorocarbon surfactants, is polymerized, followed by removal of the dispersed
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phase  and  other  non-polymerized  materials.  However,  in  comparison  to  the  widely  studied

hydrocarbon HIPEs that can be stabilized by commercial hydrocarbon surfactants, such as span

80,  sodium dodecylsulfate  (SDS)  and  cationic  cetyltrimethylammonium bromide  (CTAB),  it

remains a challenge to achieve stable fluorocarbon HIPEs using traditional low-molecular-weight

fluorocarbon surfactants as emulsifiers, though many different kinds of fluorocarbon surfactants,

including  cationic,  anionic,  non-ionic,  zwitterionic  and  gemini  suerfactants,  have  been

developed13-16.

Currently,  fluorinated  polymeric  surfactants  (FPSs),  typically  referring  to  amphiphilic

polymers that consist of a hydrophilic part and a hydrophobic part that is partially or completely

fluorinated, have been regarded as promising alternatives to low-molecular-weight fluorocarbon

surfactants for the stabilization of HIPEs, in terms of their unique characteristics, including low

critical micelle concentration, low surfactant dosage and low molecular mobility. For example,

by using reversible addition fragmentation chain transfer (RAFT) poymerization17, a series of

FPSs,  including  poly(2-dimethylamino)ethyl  methacrylate-b-poly(hexafluorobutyl  acrylate)

(PDMAEMA-b-PHFBA)12,  (2-dimethylamino)ethylmethacrylate-b-poly(trifluoroethyl

methacrylate)  (PDMAEMA-b-PTFEMA)18 and  poly(ethylene  oxide)-b-poly(2,2,3,4,4,4-

hexafluorobutyl methacrylate) (PEO-b-PHFBMA)19, have been synthesized and, when used as

emulsifiers,  stable  fluorocarbon  HIPEs  and  polyHIPE  derivatives  have  been  obtained.

Nevertheless, the architecture of these FPSs have been limited to linear block copolymers, one of

the most frequently used types for polymeric surfactants. Among the numerous architectures of

polymer  surfactants,  including  linear,  grafted  and star  polymer  chains,  comb-like  polymeric

surfactants, where hydrophilic and hydrophobic side chains are covalently attached to a linear

polymeric  backbone,  have  attracted  attention,  due  to  their  diverse  structural  characteristics
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afforded by the two components of the backbone and side chains20. Specifically, with side chains

randomly grafted to the backbone, the resultant comb-like random copolymers can stabilize the

liquid-liquid interface by adopting a Janus conformation,  where the two types of side chains

dissolve in different solvents, which promotes interfacial activity and emulsifying efficiency21.

Inspired by the development of FPSs and the advantages of comb-like random copolymers at

the interface, we present the synthesis, characterization and application of a novel comb-like FPS

based on the biocompatible, low-cost polyphosphazene (PPZ). As an organic-inorganic hybrid

polymer,  PPZ has an inorganic backbone of alternating phosphorus and nitrogen atoms, with

organic side groups grafted to the phosphorus. Due to the easy tunability of functionality through

the  diverse  chemistry  of  the  side  groups,  comb-like  amphiphilic  PPZ  can  be  achieved  by

randomly grafting hydrophobic and hydrophilic side chains, i.e., 2-(2-Methyloxyethoxy)ethanol

(MEEP) and octafluoropentanol (OTFP), to the backbone (Figure 1). By varying the mass ratio

of MEEP and OTFP, the hydrophilic-lipophilic balance of amphiphilic PPZ at the interface can

be effectively  adjusted,  leading to  the  stabilization  of  different  types  of  emulsions  including

HIPEs and traditional emulsions. With emulsions as templates, fluorinated porous polymers and

polymeric particles can be successfully prepared, showing considerable potential in the field of

oil-water separation.

Results and Discussion

An amphiphilic PPZ, with MEEP as the water-soluble side group, and OTFP as the oil-soluble

group, was synthesized in three steps: first, methoxyethoxy ethanol and octafluoropentanol were

transformed into sodium 2(2-methoxyethoxy) ethoxide and sodium octafluoropentanol (Scheme

S1).  Second, linear  polydichlorophosphazene (PDCP) was obtained by the polymerization of
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hexachlorocyclotriphosphazene in sealed Pyrex tubes at 250 °C following a previously described

method.22 The 31P-NMR spectrum of PDCP shows a characteristic peak at −18 ppm (Figure S1),

consistent  with the reported data.23,  24 Finally,  the PDCP reacted with the mixture of sodium

MEEP and sodium OTFP, yielding amphiphilic PPZ with complete replacement of the chlorine

atoms (no peak at -18 ppm is seen, Figure 1b). The 31P-NMR and 1H-NMR spectra of the pure

MEEP  (PMEEP)  or  OTFP  substituted  PPZ (POTFP)  are  shown  in  Figure  S2  and  used  as

reference  data.  For  the  co-substituted  PPZ  (P1  ~  P5),  the  grafting  ratio  of  side  group  is

determined by integration of the 1H-NMR spectra, calculated by comparing the area under peak

of the -CF2H peak (6.10 ppm) and -OCH3 peak (3.67 ppm), as shown in Figure 1c and Table 1.

The weight average molecular weight (Mw) and polydispersity index (PDI) of amphiphilic PPZ

are  shown  in  Figure  1d  and  Table  1.  The  glass  transition  temperature  (Tg)  measured  by

differential scanning calorimetry (DSC) shows that, with the increasing MEEP content, the Tg

decreases  from -61 to  -77  (Figure S3),  indicating  the MEEP segment is  more flexible  in℃

comparison to OTFP25. Thermogravimetric analysis shows that the amphiphilic PPZs have good

thermal stability (Tonset: 252 - 289 , Figure S4 and Table S1), much better than that of other℃

reported fluoro-surfactants (Tonset: 165 - 176.7 )℃ 26-28. Moreover, the degradability experiment

was performed by placing P3 into 37 ℃ water environment (Figure 1e and Figure S5). It shows

that the Mw of the P3 decreases from 320000 to 3000 g/mol within 5 months, indicating that the

amphiphilic  PPZ  is  a  degradable  macromolecular  surfactant.  The  degradation  mechanism,

provided in Figure S6, shows that the side chains degrade first, followed by the degradation of

the main chain29, 30.
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Figure 1. (a) Synthesis route of amphiphilic PPZ. (b) 31P-NMR of amphiphilic PPZ and (c) 1H-

NMR of amphiphilic PPZ. (d) GPC of amphiphilic PPZ. (e)  Hydrolysis of amphiphilic PPZ (P3)

in water.

6



Table 1．Amphiphilic PPZ molecular structure and basic properties

Sample MEEPa OTFPb Mn
c Mw

c PDIc Tg HLB d

P1 11% 89% 530000 630000 1.34 -61℃ 1.2

P2 34% 66% 460000 690000 1.41 -64℃ 4.2

P3 52% 48% 420000 560000 1.53 -66℃ 7.2

P4 73% 23% 350000 540000 1.59 -68℃ 11.6

P5 91% 9% 290000 550000 1.61 -76℃ 16.8

a:  Represents  the molar  proportion of hydrophilic  side group diethylene  glycol  monomethyl
ether calculated by NMR

b: Represents the molar proportion of Proportion of hydrophobic side group octafluoropentoxyl 

c: Molecular weight and molecular weight distribution are characterized by GPC

d: Hydrophile-lipophile balance (HLB) represents hydrophilic–lipophilic balance, HLB = 20 ×
wh/w; wh: mass of hydrophilic portion; w: mass of whole polymer; 20 is an arbitrary scaling
factor31, 32

The interfacial activity of the substituted PPZ graft polymers were investigated at the fluoro-oil

(F-oil)/water interface, where trifluoroethyl methacrylate is used as the F-oil. As shown in Figure

2a, with POTFP dissolved in the F-oil against pure water, only a weak interfacial activity is

observed,  with  an  equilibrium  interfacial  tension  of  ~  25  mN/m,  close  to  that  of  the  pure

F-oil/water  system (~ 27 mN/m). However,  with PMEEP dissolved in the F-oil against pure

water,  a  significant  reduction  in  the  interfacial  tension from  ∼27 to  ∼8 mN/m is observed,

indicating that PMEEP acts as a surfactant and can assemble at the F-oil/water interface, due to

the hydrophilic MEEP segments and hydrophobic PPZ main chain. The time dependence of the

interfacial tension of the co-substitued PPZ (P1~P5) is shown in Figure 2b.  As the concentration

of MEEP side groups increases, a gradual reduction in the interfacial tension from 22 to 2.5 mN/
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m is obtained, indicating that the interfacial activity of PPZ can be adjusted by controlling the

grafting ratio of MEEP and OTFP. 

The logarithmic representation of the interfacial tension in Figure 2c suggests three different

regimes  of  the  assembly  of  amphiphilic  PPZ.  Using  the  time  dependence  of  the  interfacial

tension of a 0.01 mg mL-1 solution of P3 against water shown in Figure 2e as an example, three

regimes in the time-dependent reduction of the interfacial tension are evident.  In regime I, the

interfacial tension does not decrease significantly, even though there is more than sufficient time

for the amphiphilic PPZ to diffuse to the interface. This suggests that, the adsorption process of

amphiphilic PPZ is very fast and has been completed once the interface is generated. In regime

II, a reconfiguration of the amphiphilic PPZ at the interface occurs, where the MEEP and OTFP

side  chains  prefer  to  dissolve  in  their  good solvents.  Consequently,  a  rapid  decrease  in  the

interfacial tension is observed.   Then, in regime III, the interfacial tension remains unchanged,

indicating that, for this concentration the squilibirum interfacial tension was achived.. When the

concentration is increased to 0.05 mg mL-1, the interfacial tension decreases slightly in regime I,

similar with the case with lower concentration, and then in regime II, a rapid reduction in the

interfacial tension to a much lower value is observed, due to the increased adsorption due to the

highersolution  concentration.  However,  in  regime  III,  different  with  the  case  with  lower

concentration, the interfacial tension decreases further, indicating are-organizing of the already

adsorbed  chains  to  accommodate  more  PPZ.  Since  the  re-organization  at  the  interface  is  a

cooperative event with other adsorbed chains, this is a slower process.  When the concentration

is increased to 0.1 or 0.5 mg mL-1, the interfacial tension has decreased significantly, before the

first  measurements  can  be  made,  indicating  a  very  rapid  adsorption  due  to  the  higher

concentrations. Subsequently,  the interfacial tension is seen to gradually decrease, in keeping
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with a re-organization of the adsorbed chains with further adsorption to reduce the interfacial

tension further. From Figure 2c and 2d, it can also be seen that at a low concentration (0.01mg

mL-1), the interfacial tension of the F-oil/water with P5 is higher than that of P3, while at a high

concentration (≥ 0.05mg mL-1), the interfacial tension of P5 is lower than that of P3. At a low

concentration,  the  number  of  either  P3  or  P5 assembling  at  the  interface  is  very  low.  In

comparison to P5, P3 exhibits a stronger ability to reduce the interfacial tension due to its higher

amphiphilicity, forming an extended Janus conformation at the interface and, therefore, a lower

surface tension is obtained. However, at a high concentration, as shown in Figure 2e, although

the ability of individual P5 to reduce the interfacial tension is low, the number of P5 assembling

at  the interface  is  much higher  than that  of P3,  since P5 has a  more flexible structure  and,

therefore,  smaller  coil  size.  As  a  result,  a  significant  reduction  in  the  interfacial  tension  is

observed. The change in the coil size of P1-P5 can be estimated from simulations at ambient

temperature and pressure. As shown in Figure 3, with more MEEP side chains grafted to the

main chain, the mean square radius of gyration of the polymer is smaller, indicating that the

flexibility of MEEP plays a key role in determining the coil size of polymer. We note that the

simulations  were  not  performed  in  a  biphasic  system,  but  used  to  provide  a  qualitative

description of the variation of polymer conformation, and this conformation must reconfigure

prior to adsorption.
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Figure 2. Regulation of PPZ on F-oil-water interfacial tension; (a) pure F-oil with water and

single substituted PPZ including pure OTFP PPZ and pure MEEP PPZ and MEEP monomer, (b)

co-substituted PPZ have different ratios of hydrophilicity and hydrophobicity(P1-P5). (c) effect

of  surfactant  concentration  (preferred  P3)  and  (d)  preferred  P5,  (e)  Surfactant

diffusion  and  interfacial  assembly  process,  (f)  conformational  arrangement  of

amphiphilic PPZs at oil-water interface
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Figure  3. (a)  Schematic  diagram of  polymer  fragment  simulation,  (b)  Polymer  free  volume

simulation diagram, (c) polymer volume，(d) mean square radius of gyration.

Emulsions were prepared by vigorous mechanical agitation of the amphiphilic PPZ (5wt%)

dissolved in F-oil with pure water. Figure 4 shows the emulsions produced by varying the molar

ratio of MEEP side groups to OFTP side groups from 1/9 to 9/1, i.e., P1 to P5, at a constant 3/1

volume  ratio  of  water  and  F-oil.  As  shown in  Figure  4a-d,  when  using  polymer  P1-P4  as

surfactants, water-in-F-oil (w/o) emulsions are observed. For the w/o emulsions, the drop size

decreases with the increase of hydrophilic side group content (Figure 4f), from 58 to 11  μm,

which is in agreement with the observed variation of the interfacial tension in Figure 2b, where

the enhanced surfactancy of PPZ is beneficial for stabilizing more interface. However, with P5 as
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the stabilizer, F-oil-in-water (o/w) emulsions are produced (Figure 4e). As shown in Table 1, the

hydrophile-lipophile  balance  (HLB) for P5 is  16.8,  indicating its  strong hydrophilicity.  As a

result, the emulsion undergoes a phase transition, from a w/o emulsion to an o/w emulsion.

Figure 4.  Visual diagram and optical microscope of fluoro-emulsion stablized by amphiphilic

polyphosphazene (5wt%) (with different hydrophobic/hydrophilic ratios, (a) P1, (b) P2, (c) P3,

(d) P4, (e) P5, (f) Droplet size distribution.
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Then the F-oil (TFEMA with 10wt% divinylbenzene (DVB) as crosslinker) was polymerized,

resulting in a porous fluoropolymer foam or microsphere materials  after removing water. For

porous fluoropolymer foams, the SEM images (Figure 4a-d) show that these polyHIPEs have a

homogeneous,  open-cell  structure with pore sizes consistent with those of the HIPE droplets

(Figure 2). Fluoro-polyHIPEs with excellent mechanical strength and thermal stability can be

obtained (Figure S7, Table S1), with a heat-resistant temperature > 300 . To a certain degree,℃

the pore size of polyHIPE foams affects their mechanical properties. Especially for polyHIPE-P3

or polyHIPE-P4 which has a compressive strength of ~6.2 MPa and compressive modulus of ~

44 MPa. This indicates that foams with smaller pore sizes have better mechanical strength, which

is consistent with the results of Thomas33. In addition, the pore size and microsphere size of the

porous materials can be controlled by changing the surfactant concentration (Figure S8). The

polyHIPE-P3 and polyHIPE-P4 were found to have a low thermal conductivity of 0.05-0.051 W

m-1 K-1, which is less than the thermal conductivity of most thermal insulation materials, such as

porous beads (0.16 W m-1 K-1), PE pipes (0.55 W m-1 K-1), PVC pipes (0.18 W m-1 K-1), and

carbon nanotube aerogels (0.12 W m-1 K-1)34, 35, indicating that this material has potential use as

an insulating material.
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Figure 5. SEM of fluoro-porous materials stabilized by emulsifiers with different proportions of

side groups from (a-e) referring to to P1-P5. (f) Size distribution of porous and microsphere

materials.
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By varying the water/F-oil volume ratio from 1/1 to 3/1 with a 5 wt% P5 dissolved in the F-oil

phase and water, an evolution of the emulsion from w/o to oil-in-water-in-oil (o/w/o), then to o/

w is  observed,  as  evidenced  by the  creaming/sedimentation  of  the  dispersed  phase  and the

fluorescent signals from the dispersed/continuous phases. (Figure 6a–c). Simultaneously, we can

obtain porous materials, porous materials containing microspheres, and microsphere materials. 

Figure 6. Fluorescent light microscope photograph and SEM of nanoparticles prepared from

different emulsifier(P5) concentrations, (a) O:W=1:1, (b) O:W=1:2, (c) O:W=1:3; Oil phase was

been dyed.

The surface wetting behavior of fluoro-polyHIPEs was investigated by measuring the contact

angle of a pure water drop on the surface of fluoro-polyHIPEs. The measured value of 137.3°

(Figure 7a) demonstrates the hydrophobic nature, due to the fluorine atoms contained within the

materials (Figure 7b). When testing with oil droplets, oil phase droplets were adsorbed into the

material almost instantaneously. The hydrophobic nature of the porous structure makes fluoro-
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polyHIPEs promising candidates for absorbing organic solvents with different densities (Figure

7c). The adsorption capacities of fluoro-polyHIPEs for 8 different oils are shown in Figure 7d,

and the highest adsorption capacity achieved for CHCl3 is 630%. After adsorption, the oil could

be desorbed by a simple centrifugation process, leaving the regeneration of fluoro-polyHIPE for

a new absorption process. The cylic adsorption/desorption of CHCl3 was investigated. After five

cycles,  fluoro-polyHIPEs  maintained  essentially  the  same adsorption  capacity,  indicating  the

great potential of fluoro-polyHIPEs as reusable water−oil separation materials (Figure S9). 
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Figure  7. (a)  Surface  performance  test  of  fluoro-porous  material,  (b)  element  distribution

mapping diagram of porous material surface, (c)adsorption experiment of oil phase above and

under water, (d) adsorption test of porous material for various organic oils of different densities,

(e) centrifugal recovery of the adsorbed oil phase.
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Conclusion

In this work, we reported the design and synthesis of amphiphilic PPZs for stabilizing fluoro-

emulsions. The amphiphilic PPZs can be used as new macrosurfactants to stabilize fluoro-HIPE

with different type of emulsion, including w/o and o/w emulsion. Furthermore, concentration and

side group ratio of amphiphilic PPZ and volume ratio of water/F-oil had a significant impact on

the morphology of the resulting materials.  The resultant fluoropolymer foams show excellent

adsorption  performance  towards  several  organic  oils,  due  to  the  well-controlled  porous

structures. These significant properties of fluoropolymer foam will find promising applications in

water/oil separations and porous templates for catalysts.
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We  designed  and  prepared  degradable  amphiphilic  polyphosphazenes  to  investigate  the

regulating  effects  on  fluorinated  emulsion.  The  regulatory  mechanism  of  the  amphiphilic

polyphosphazenes  at  the  interface  between  fluoro-oil  and  water  was  investigated.  A  simple

change  in  the  side  group  type  of  amphiphilic  polyphosphazene  can  easily  realize  the

transformation from water in oil  emulsion to  oil in  water emulsion. The fluorinated materials

obtained by emulsion polymerization showed good oil-water separation performance.
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