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Insight into the Role of Intermolecular Interactions on the 
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A prominent enhancement of solubility of epoxide oligomer in supercritical CO2 (scCO2) was definitely accomplished via 

fluorination. The fluorinated epoxide oligomers (FEO) exhibited incredibly low transition pressure (PT) as compared with a 

library of other epoxide oligomers. For discerning the nature of the observed special affinity of the FEO to CO2, the 

detailed solvation behaviors of 14 epoxide oligomers in gaseous and supercritical CO2 were investigated using a set of 

high-pressure in-situ ATR FTIR as pressure increased from 0.1 to 40.0 MPa. The key role of the intermolecular interactions 

on the enhanced solubility of FEO in scCO2 was established and major factors impacting on the molecular interplay 

between the epoxide oligomers and CO2 were systematically evaluated. We attribute the uniquely enhanced solubility of 

FEO in scCO2 to the synergistic effects of the increased special attraction between FEO and CO2, the decreased self-

interaction among FEO and the excellent accessibility of FEO to CO2. Since FEO is suggested to be the most soluble species 

in scCO2, we optimistically believe that FEO may act as the ideal solubilizing chain after being transplanted or grafted into 

some targeted molecules and thus can be employed in developing a series of novel fluorinated monomers, 

ligands/complexes/catalysts and surfactants in scCO2 system. 

Introduction 

Supercritical carbon dioxide (scCO2) has attracted extensive 

attentions for its various advantages over traditional solvents 

during the past decades. It is accepted as a nontoxic, 

nonflammable, easily recyclable and environmentally benign 

medium that may promisingly take the place of the 

environmentally harmful traditional organic solvents in many 

fields.
1
 Moreover, the solvability or solvation power of scCO2 

can be turned by altering pressure and/or temperature 

without changing the composition of the system.
2
 Additionally, 

the products are easily separated via decompression after the 

process/reaction without the detectable residual of solvent as 

well as volatile reactants.
3
 Hence, scCO2 is available to be 

applied in the fields such as homogeneous catalysis or the 

extraction of noble metal, in which the challenge of poor reuse 

or recycle of catalysts is expected to be improved.
4
 While 

simultaneously, the barrier in the application of scCO2 has also 

been clearly stated as its nonpolarity and the resulted inability 

to effectively solvate the majority of polar compounds,
5
 

macromolecules,
6
 chelating ligands and catalysts containing 

transition metal complexes.
7
 So far numerous attempts of 

both experimental work
5a,8

 and theoretical simulation
9
 have 

been spurred to overcome such limitation by seeking proper 

surfactants or solubilizers with an appropriate aggregation 

behavior and good solubility in scCO2. Therefore, much 

attention has been paid to investigate the intermolecular 

interaction and its dominated solvation behaviors of certain 

category of dispersates which may potentially improve the 

solvability (via effectively decreasing the operation pressure) 

of scCO2 system.
10 

 So far numerous fluorinated organics are found to exhibit 

enhanced solubility in scCO2.
11

 Inspired by such discernment, a 

large amount of work has been performed with exciting 

results, in which perfluoroalkyl groups were intentionally 

introduced to increase the solubility of chelating ligands or 

organometallic catalysts/complexes in scCO2 in the past years. 

For example, Wai et al. synthesized bis(trifluoroethyl) 

dithiocarbamate chelating agent (FDDC)
12

 and several 

fluorinated β-diketones
13 

which exhibited not only significantly 

higher solubility in CO2 but also excellent extraction 

efficiencies to some metal ions. Besides, Kainz et al.
14

 selected 

the long perfluoroalkyl group of (CH2)2(CF2)yF (y=6, 8) as 

solubilizing chains for the bidentate chelating phosphane 
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ligand so as to enhance the solubility of arylphosphanes and 

their metal complexes in scCO2 without impairing their 

catalytic efficiency. Other researches focusing on Rh
15

 or Pd
16

 

complexes with fluorinated phosphate ligands applied in 

catalytic reaction in scCO2 were also reported.  

 It was clearly predicted that either long perfluoroalkyl 

group or more perfluoroalkyl groups should be expectantly 

introduced as solubilizing chains if enhanced/promising 

solubility of targeted ligands/complexes/catalysts in scCO2
 
was 

expected.
12-16

 While it is known that perfluoroalkyl groups 

were generally (or at least in main part) prepared though 

electrochemical (per)fluorination,
17

 in which a longer chain 

(more hydrongen-carbon bonds) of the hydrocarbon (or its 

derivative) substrate has, a lower selectivity and the resulted 

lower yield of the product with perfluoroalkyl group obtains 

(since more by-products may be produced), leading to a high 

preparation cost and a limited application in both research and 

industrial field. Therefore, substances that are more soluble in 

scCO2, environmental benign, and easily to be prepared in 

large scale have be the long-cherished alternative to the 

perfluoroalkyl solubilizing chain.  

 Drohmann et al. suggested that some epoxide 

oligomers/polyethers showed relatively high solubility in 

scCO2, and even more so was polypropylene glycol (PPO) with 

non-polar groups attaching to its chain ends due to the weaker 

intermolecular interaction between PPO segments and the 

resulted lower cohesive energy density relative to the 

poly(ethylene glycol) analogs.
18

 Thus, it seems that epoxide 

oligomers/polyethers may be promising or potential 

substitutes for the perfluoroalkyl solubilizers. Moreover, 

Casimiro et al found that the perfluoropolyether/ 

perfluoroether oligomer such as oligomer of hexafluoro-

propylene oxide (PHFPO, with a number average molecular 

weight (Mn) of approximately 2500) exhibited considerably 

high solubility in CO2 under relatively moderate conditions via 

investigating the phase behaviors of the binary system.
10b

 

However, neither were the impacts of molecular weight or 

other factors on the solubility or the phase behaviors of PHFPO 

in CO2 explored, nor were the differences in the solubility 

between PHFPO and other non-fluorinated epoxide 

oligomers/polyethers compared or discussed. As a result, 

whether such epoxide oligomer(s) could be employed as 

potential solubilizing chain so far is still not elucidated.  

 The oligomer of hexafluoropropylene oxide/PHFPO could 

be prepared via an anionic ring-opening polymerization of 

hexafluoropropylene (HFPO),
10a,19

 through which the long 

perfluoropolyether chain may be easily constructed. More 

importantly, HFPO oligomers with a series of molecular 

weights could be prepared by altering the polymerization 

conditions along with proper separation technology so as to 

meet the various needs in the research and even industrial 

fields with higher efficiency, better selectivity and certainly 

lower cost than that in the electrochemical (per)fluorination 

method. Therefore, the HFPO oligomers as well as the anionic 

polymerization method should be especially valued for the 

research focusing on seeking the substitute for the 

perfluoroalkyl solubilizers.  

 In the present work, the detailed solvation processes and 

phase behaviors of 3 categories (PEO, PPO and PHFPO (FPn- 

COOH/FPn-COOCH3)) of 14 epoxide oligomers in scCO2 were 

 

Scheme 1 Structure of the Model Epoxide Oligomers Used. 

investigated to systematically compare the solubility of the 

oligomers by using a set of high pressure in-situ ATR FTIR 

system (HP ATR-FTIR). The structure of the model oligomers of 

epoxide used is shown in Scheme 1. By analyzing the evolution 

of the subtly spectral results obtained from the in-situ ATR-

FTIR, the key role of the intermolecular interactions in the 

epoxide oligomer + CO2 systems were discerned and 

evaluated, through which the major factors impacting on the 

molecular interplay and the resulted solvation behaviors of the 

oligomers in CO2 were systematically illuminated. The present 

work is expected to provide desirable/fundamental insight as 

well as promising methodology into designing and developing 

low cost and high solubility chelating ligands/complexes, novel 

monomers and high efficient surfactants in scCO2 system. 

Results and discussion 

Preparation of the oligomers of epoxide 

The oligomers of PEO-Ac2 and PPO-Ac2 used in the present 

work were prepared via the esterification of PEO and PPO. 

Employing PEO400-Ac2 and PPO400-Ac2 as examples, the 

preparation as well as the characterization of the same 

category of the epoxide oligomers was demonstrated, as 

shown in Fig.s S1 and S2, respectively. As shown in Fig. S1, the 

strong absorption peak at 1737 cm
-1

, attributed to the 

stretching vibration of the carbonyl groups (v(C=O)) in PEO400-

Ac2, is clearly observed after the esterification (as shown in Fig. 

S1(B)). Simultaneously, the absorption peak around 3456 cm
-1

, 

which is assigned to the stretching vibration absorption of 

hydroxyl group (v(-OH))(shown in Fig. S1(A), thoroughly 

disappears. Thus, the hydroxyl end groups in PEO400 were 

completely endcapped by acetyl group. This is further verified 

via the 
1
H NMR, as shown in Fig. S1(C)). The peak centered at 

2.08 ppm indicates the successful introduction of the acetyl 

group(s) to the epoxide oligomer. Similar changes could also 

be found in the spectral results of PPO400-Ac2, as shown in Fig. 

S2. Based on such results, we believed that the targeted 
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epoxide oligomers of PEO-Ac2 and PPO-Ac2 were successfully 

prepared.  

 The oligomers of FPn-COOH (n =1, 2, 3) were prepared via 

the hydrolysis of the corresponding FPn-COF. The hydrolysis 

process was monitored via the HP in-situ FTIR system. The FTIR 

spectral series were shown in Fig. 1. 

 

Fig. 1 In-situ FT-IR spectral series during the hydrolysis process of 

FP3-COF. (a) 0 min; (b) 10 min; (c) 20 min; (d) 60 min; (e) 90 min; (f) 

120 min. The spectral series were measured using an in-situ ATR-

FTIR system at a room temperature. The resolution of the ATR-FTIR 

was 2.0 cm
-1

. The number of scan accumulated was 8. 

 It is clearly shown that the absorbance of the peak 

centered at 1882 cm
-1

, which is assigned to v(C=O) of FP3-COF, 

gradually decreases with the increase of reaction time (from a 

to f, as shown in Fig. 1). While simultaneously, the absorbance 

of the peaks at 1776 cm
-1

 and 1036 cm
-1

, assigned to the v(C=O) 

and v(C-O) in FP3-COOH, respectively, is found to increasingly 

increase during the hydrolysis process until the absorption 

band of v(C=O) in FP3-COF (centered at 1882 cm
-1

) completely 

disappears. It is indicated that the FP3-COOH was successfully 

prepared. 

 The oligomer of FP3-COOCH3 was prepared via the 

esterification of FP3-COF with CH3OH. As shown in Fig.s 1(a) 

and S3(A), it is clearly found that the absorption band of the 

v(C=O) dramatically shifted from 1882 to 1791 cm
-1

 during the 

esterification process. Since the absorption peak centered at 

1791 cm
-1

 is assigned to the v(C=O) in FP3-COOCH3, and no 

detectable absorption peak(s) around 1882 cm
-1

 and/or 3300 

cm
-1

 could be found, indicating that FP3-COF was completely 

converted to FP3-COOCH3 (without any carboxylic acid 

byproduct). Moreover, as is shown in Fig. S3(B) and (C), the 

newly eruptive peak centered at 4.10 ppm in 
1
H NMR as well 

as at 56.35 ppm in 
13

C NMR also further verified the successful 

preparation of FP3-COOCH3. 

Monitoring the intermolecular-interaction dominated solvation 

processes of the epoxide oligomer + CO2 systems 

It is claimed that in-situ FTIR is a promising and powerful tool 

for probing the intermolecular interactions in scCO2 

system.
10a,21

 In the present work, a set of HP in-situ ATR-FTIR 

spectrum monitoring system was used to track the solvation 

and dispersion process of epoxide oligomers in gaseous and 

supercritical CO2, so as to probe the detailed vibrational 

absorption evolution as CO2 pressure increased. Taking FP2-

COOH as an example, the in-situ ATR-FTIR spectra of FP2-COOH 

+ CO2 binary system were collected at 60.0 
o
C under an  

 

Fig. 2 In-situ ATR-FTIR spectra of the FP2-COOH + CO2 system 

under different pressures at 60.0 
o
C. The volume of FP2-COOH 

used was 10.0 mL. The resolution of the ATR-FTIR was 2.0 cm
-1

. 

The number of scans accumulated was 20. The arrows showed 

the spectra evolution versus the increase of pressure of the 

binary system. 

FP2-COOH volume of 10.0 mL. The pressure was increased in 

steps of 1.0 MPa up to 8.0 MPa, of 0.5 MPa up to 10.0 MPa, of 

0.2 MPa up to 12.0 MPa, of 1.0 MPa up to 20.0 MPa, and of 2.0 

MPa up to 38.0 MPa (as shown in Fig. 2). 

 As shown in Fig. 2, a dramatic blue-shift together with an 

obvious inflection point and a subsequent very slight red-shift 
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are clearly observed in the evolution curve of the probed 

v(C=O), v(C-F) and v(C-O) in FP2-COOH + CO2 system. Though 

the probe bands blue-shift in different extent, the inflection 

point pressures in the vibrational absorption evolution curves 

of the probed functional groups are found to be exactly the 

same, namely 10.8 MPa. Similar vibrational absorption 

evolutions are also generally observed in the rest oligomer + 

CO2 systems with considerably good reproducibility (as shown 

in Table S1 in Electronic Supplementary Information (ESI)). To 

the best of our knowledge, similar observation has not been 

reported by others. Very few literatures have involved the 

blue-shift in FTIR spectra of small molecules or polymers with 

scCO2 as the pressure increased.
22

 

 We believe that such evolution of the vibrational 

 absorption is directly rooted in and dynamically induced by 

the variation of the intermolecular interactions in the oligomer 

+ CO2 systems as the pressure and/or the temperature varied 

during the solvation process. The solvation mechanism of 

liquid monomers in gaseous and supercritical CO2 together 

with the unusual vibrational absorption evolution has been 

primarily demonstrated by introducing the concepts of PT, as 

well as the resultant interactions of σ(A-B) and σ(B-B) in our 

recent study,
10a

 where PT, namely transition pressure, is the 

inflection point pressure in the vibrational absorption 

evolution curve of the probed functional groups in the system 

investigated, and is assumed to be the lowest pressure at 

which the dispersate/solute could be miscible with CO2 under 

isothermal conditions. Therefore, it is believed that a lower PT 

means a better solubility of the corresponding 

dispersate/solute in CO2, and possibly, stronger intermolecular 

interactions between the dispersate/solute and CO2. Based on 

such cognition or understanding, the impacts derived from 

various factors on the solvation behaviors of the epoxide 

oligomers in CO2 are systematically discussed. 

Impacts on the solvation behaviors of epoxide oligomers in CO2 

Temperature. Three model epoxide oligomers, namely 

PEO400-Ac2, PPO400-Ac2 and FP3-COOH were employed and 

the impacts of temperature on the solvation behaviors of the 

oligomers were investigated. The solvation and dispersion 

processes of the oligomers were in-situ monitored at 

temperature ranges of 40.0-70.0 
o
C. The absorption centers of 

probe bands (namely v(C=O) and v(C-O) in PEO400-Ac2 and 

PPO400-Ac2, v(C-O) and v(C-F) in FP3-COOH) were extracted 

from the in-situ FTIR spectra, and plotted versus the pressure 

of the system to obtain the absorption evolutions of the 

absorption bands and detect the PT of the oligomer + CO2 

systems, as shown in Fig. 3. The relationship between PT and 

temperature in the systems is shown in Fig. 4. 

 As is clearly seen in Fig. 3(A), for PEO400-Ac2 + CO2 at a 

certain temperature, whichever probe band was investigated, 

the PT obtained is found to be identical at the temperature as 

was expected. Similar results are also observed in the other 

two oligomer + CO2 systems, as shown in Fig. 3(B) and (C), 

respectively. Moreover, it is observed that the PT of every 

oligomer + CO2 system investigated increases (almost linearly) 

with the increase of temperature but in different extent 

among the systems, as shown in Fig. 4. 

 It is clearly seen that as the temperature increases from 

40.0 to 70.0 °C, PT of PEO400-Ac2 + CO2 system increases from 

24.2 to 35.4 MPa, i.e., an incredible increase of 11.2 MPa was 

observed in view of the fact that the temperature merely  
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Fig. 3 Vibrational absorption eolution of the functional groups 

in the epoxide oligomer + CO2 system at different 

temperatures (■ 40.0 
o
C; ● 50.0 

o
C; ▲ 60.0 

o
C; ★ 70.0 

o
C). (A) 

PEO400-Ac2 + CO2; (B) PPO400-Ac2 + CO2; (C) FP3-COOH + CO2. 

The volume of oligomer used was 10.0 mL. The resolution of 

the ATR-FTIR was 2.0 cm
-1

. The number of scan accumulated 

was 20. 

increased by 30 
o
C, as shown in Fig. 4. While as to the system 

of PPO400-Ac2 + CO2, PT is found to increase from 12.0 to  

 

Fig. 4 Relationship between PT and temperature in different 

epoxide oligomer + CO2 systems. 

20.7 MPa, increasing by 8.7 MPa in the same ranges of 

temperature. Interestingly, for FP3-COOH + CO2 binary system, 

PT is found to only increase by 4.2 MPa (from 8.4 to 12.8 MPa). 

Clearly, temperature impacts distinctly on the PT of the 

oligomer + CO2 system, and thus plays a significant role in the 

solvation behaviors of the epoxide oligomers in CO2. Possible 

reasons are presented as follows. 

 It is known that the density as well as dielectric constant of 

CO2 may decrease with the increase of temperature to a 

different extent. Based on our previous work,
10a

 it is inferred 

that the solvability of CO2 toward oligomer may decrease in 

step with the increase of temperature. Thus in order to offset 

the insufficient solvability of CO2 resulted from the increase of 

temperature, the pressure must be further increased, which is 

believed to promote the increase of intermolecular interaction 

between CO2 and the epoxide oligomers used, and help the 

self-interaction or cohesion among the molecules of the 

epoxide oligomers be balanced or even outweighed. 

Consequently, with the increase of temperature, the needed 

pressure where the epoxide oligomer is miscible with CO2 

becomes higher, i.e., the PT of the corresponding system 

increases.  

 While it is found that both PT (at the same temperature) 

and the increase extent of PT (within the identical temperature 

ranges) differ distinctly among the model epoxide oligomer + 

CO2 systems investigated (as shown in Fig. 4). We suggest that 

such observations directly root in the structural difference of 

the epoxide oligomer. Therefore, the impacts of such 

differences in the molecular weight, the end group and the 

repeated unit in the oligomers on the solvation behaviors of 

the oligomers in CO2 were further excavated. 

Molecular Weight. The solvation behaviors of three categories 

of epoxide oligomers (PEO-Ac2, PPO-Ac2 and FPn-COOH) with a 

series of Mn in gaseous and supercritical CO2 were investigated 

at 60.0 
o
C. The relationship between PT of the oligomer + CO2 

system and Mn in every category of the oligomer is shown in 

Fig. 5.  

 As is shown in Fig. 5, it is clearly seen that in every category 

of epoxide oligomers studied, PT of the oligomer +  

 

Fig. 5 Relationship between PT and the Mn of different epoxide 

oligomer + CO2 systems. 

CO2 systems is found to increase with the increase of Mn at the 

same temperature, but increase in severely different extents 

among the categories mentioned above. Moreover, it is 

surprisingly found that the PT of every FPn-COOH + CO2 system 

is considerably moderate. While more importantly, the PT 

varies quite gently with the Mn of FPn-COOH. For example, as 

the Mn of FPn-COOH increase from 164 to 4000, it is found that 

PT of the FPn-COOH +CO2 systems increases from 9.8 to 16.3 

MPa, i.e., a fairly slight increase of merely 6.5 MPa is incredibly 

observed in view of the prominent increase of the Mn of FPn-

COOH. While as to PPO-Ac2 + CO2 systems, with the increase of 

the Mn of PPO-Ac2 from 280 to 1100, PT is found to increase 

from 13.9 to 32.0 MPa. A distinct increase of 18.1 MPa of the 

PT is obtained. However, for PEO-Ac2 + CO2 systems, PT exhibits 

a severely sharp increase over 33.0 MPa, varying from 14.0 to 

more than 45.0 MPa, versus that the Mn of PEO-Ac2 presents a 

slight increase from 146 to 718. Based on such observations, it 

is concluded that the Mn of the epoxide oligomers impacts 

significantly on the solvation behaviors in gaseous and 

supercritical CO2.  

 It is believed that the increase of molecular weight leads to 

the increase of the dispersion force,
10a,23

 and further results in 

the increase of the self-interaction among the epoxide 

oligomer molecules, which impacts detrimentally on the 

solvation/dispersion of the epoxide oligomer in CO2. While in 

order to offset or restrain such detrimental effect, higher CO2 

pressure is reasonably needed, since the increase of CO2 

pressure may contribute to enhancing the intermolecular 
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interaction(s) between the epoxide oligomer and CO2, and 

thus improve the solvability of CO2 towards the epoxide 

oligomer. In view of the significant influence resulted from the 

Mn of the epoxide oligomers to the solvation of the oligomers 

in CO2, it is indicated that the Van der Waals interaction, 

especially the dispersion force, may be the predominant 

contribution to the intermolecular interactions in the same 

category of epoxide oligomer + CO2 system, and the solvation 

behaviors of the epoxide oligomers in CO2, though other 

factor(s) may also play a role.
23,24

  

End Group. The hydroxyl end group is believed to have 

distinctly negative impacts on the miscibility/solvability of 

oligomers/polymers in CO2 due to the relatively strong 

hydrogen bonding among the dispersate molecules. Such 

impacts are even more so to that of the polyhydroxy 

compounds. This may mainly answer for the severely poor 

solubility of the carbohydrate and cellulose
25

 in scCO2. While it 

is reported that the solubility of poly(alkylene glycol)s in CO2 

can be obviously increased by endcapping one or both of the 

hydroxyl end group(s) through etherification.
 18,24a

 The impacts 

of the end group(s) on the solvation behaviors of the epoxide 

olimogers in CO2 were explored in the present work.  

As shown in Fig. 5, it is clearly seen that the PT of PEO100- 

Ac2+CO2 system is merely 14.0 MPa at 60.0 
o
C, indicating that 

PEO100-Ac2 possesses a considerably good miscibility/ 

solvability in scCO2. However, as far as PEO100 is concerned, it 

is thoroughly another story. PEO100 (namely PEG100), a 

typical oligomer (dimer) of ethylene oxide with a molecular 

weight of 106 and with two hydroxyl groups connected to its 

chain ends, is observed cannot be miscible with CO2 below 50 

MPa at 60.0 
o
C. Similarly, due to the detrimental effects from 

the hydroxyl group were greatly restrained or thoroughly 

eliminated, the solubility of the corresponding esters is found 

to dramatically increase when the hydroxyl end groups in 

ethylene oxide oligomers with higher Mn were esterified (data 

not shown). The contribution of the introduced acetyl end 

group to the solvation behaviors of PEO-Ac2/PPO-Ac2 in CO2 

should be discerned and understood. So far carbonyl group, 

especially acetyl group, is accepted as a promising CO2-philic 

group as it can facilitate some special interactions/attractions 

of carbonyl compounds with CO2.
23,25,26

 The LA-LB interaction 

between carbon atom of CO2 and carbonyl O atom in the 

acetyl group endcapped epoxide oligomers, as well as the 

untraditional cooperative C-H···O hydrogen bonding between 

CO2 and acetyl group of the epoxide oligomers, may 

significantly promote the solvation of the epoxide oligomers in 

scCO2. Moreover, the favorable accessibility of carbonyl 

oxygen in the oligomers to CO2 may also play a role. As a result, 

PT of the corresponding epoxide oligomer + CO2 binary system 

is found to be relatively low (as shown in Fig. 5). Clearly the 

end group impacts significantly on the solvation behaviors of 

the oligomers of ethylene oxide/propylene oxide in CO2.  

 The impacts of carboxyl end group on the solvation 

behaviors of the carboxylic acid were also investigated. The PT 

of FP3-COOH + CO2 system is obtained as 11.4 MPa. While after 

the carboxyl end group was endcapped via esterification with 

CH3OH, the PT of resulted FP3-COOCH3 + CO2 system decreased 

to 10.7 MPa, i.e., a slight decrease of merely 0.7 MPa was 

achieved after the endcapping, as shown in Fig. 6 (in which the 

difference in the solvation behaviors of the 4 typical oligomers 

with a similar Mn of approximately is also illustrated). Clearly, 

though there does exist the intermolecular hydrogen bonding 

among FP3-COOH, the PT of FP3-COOH + CO2 is relatively low or 

at least quite moderate. It seems that the end  

 

Fig. 6 PT of the epoxide oligomer + CO2 binary systems at 60.0 °C. 

group effect is not as remarkable as what was expected on the 

solvation behaviors of the oligomers of fluorinated epoxide in 

CO2. Such results should be ascribed to the specific structure 

of repeated unit in the oligomers investigated, especially to 

the fluorinated group, and are further demonstrated as follows. 

Structure of Repeated Unit  

(1) Branched Methyl Group. The impacts from the branched 

methyl group on the solvation behaviors were investigated. It 

is clearly seen that the oligomers of PPO-Ac2 disperse/dissolve 

much easier than PEO-Ac2 in CO2. The PT of the PPO-Ac2 + CO2 

systems is found much lower than that of PEO-Ac2 + CO2 

systems at the same temperature under (almost) identical Mn 

of the oligomers, as shown in Fig.s 4 and 5. For example, 

PPO400-Ac2 has an identical Mn (approximately 500) to that of 

PEO400-Ac2. While the PT of the systems of PPO400-Ac2 + CO2 

and PPO400-Ac2 + CO2 at 60.0 
o
C is measured as 18.2 and 32.0 

MPa, respectively. Since the key distinction between the two 

categories of dispersates is only that there is an additional 

branched methyl group attached to the repeated unit of PPO-

Ac2 (as shown in Scheme 1), the observed evident difference in 

the solvation behaviors must be rooted in such structural 

difference between the two dispersates.  
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 We believe that the branched methyl group may benefit 

the solvation and dispersion of the PPO-Ac2 and other 

derivatives from PPO in CO2 to great extents. Compared with 

PEO-Ac2, the branched methyl groups in PPO-Ac2 increase the 

steric hindrance as well as the average distance between the 

oligomer/polymer chains (or at least the segments of the 

chains), thus may effectively weaken the cohesion and 

undermine the self-interaction(s) among the molecules of the 

dispersate. Moreover, the oxygen atoms in the repeated unit 

might be freer since the possibly related (possible) self 

interaction(s) is restrained or weakened to different extents. 

This may (at least partly) explicate or answer for the observed 

reduced crystallization propensity of poly(propylene glycols).
21

 

Consequently, the accessibility of the oxygen atoms in the 

repeated unit to CO2 may be distinctly enhanced. The 

improved accessibility along with the freer oxygen atoms in the 

repeated unit in such epoxide oligomer facilitates the increase 

of the intermolecular attraction between the oligomer and CO2, 

and results in a better solubility of the PPO-Ac2 in CO2, as well 

as much lower PT of the PPO-Ac2 + CO2 systems. It is suggested 

that the LA-LB existed between the O atoms in the PPO-Ac2 

and the C atom in CO2 might be (slightly) stronger than that in 

PEO-Ac2 + CO2 systems.  

(2) Fluorinated Group. The fluorinated group is accepted as a 

kind of CO2-philic group since numerous fluorinated organics 

exhibit prominent solubility in scCO2. The affinity between the 

fluorinated group and CO2 has been a common sense for years, 

while the nature of such affinity is still to be elucidated.
27

 In 

order to evaluate the contribution of fluorinated group to the 

special CO2-philicity of fluorinated oligomers/polymers, the 

solvation of fluorinated epoxide oligomers (FEO), namely FPn-

COOH in CO2 was investigated. As is described above, the PT of 

the FPn-COOH + CO2 systems is found to increase with the 

increase of the Mn and/or temperature as is expected. While 

even though there is a carboxyl group attached to the chain 

end of FPn-COOH, which is believed to have detrimental effects 

on the miscibility of FPn-COOH with CO2, it is surprisingly that 

both the PT of the FPn-COOH + CO2 systems and the variation 

extents of the PT with temperature and/or Mn are found much 

lower than that of PPO-Ac2 + CO2 systems, as shown in Fig.s 4 

and 5. For example, the PT of FP24-COOH + CO2 system was 

obtained as merely 16.3 MPa at 60.0 
o
C in view of the 

molecular weight (Mn of approximately 4000) and prominently 

high concentration in scCO2 (volume ratio of 20% or weight 

ratio of over 40%). Clearly, it is indicated that among the three 

categories of the epoxide oligomers investigated, the 

oligomers of hexafluoropropylene oxide (PHFPO) possess the 

best solubility/solubilization in scCO2. Such enhanced solubility 

in scCO2 should undoubtedly be attributed to the unique 

contribution from the the fluorinated groups.  

 As was preliminarily demonstrated in our previous work,
10a

 

the enhanced solubility of fluorinated oligomers/polymers in 

CO2 could be mainly attributed to the special interaction 

between C-F and CO2. We believe that the introduction of F 

atoms to the repeated unit of FPn-COOH may increase the 

intermolecular attraction between the oligomer segments and 

CO2. Moreover, similar to that of PPO-Ac2, the branched 

trifluoromethyl groups may effectively improve the 

accessibility of the atoms (F and O) in the repeated unit of FPn-

COOH to CO2. As is shown in Fig. 3(C), the maximum blue-shift 

of the v(C-F) in FP2-COOH is found to be approximately 22 cm
-1

, 

which is much higher than that of v(C-O). Such blue-shift is 

believed to be dynamically induced by the variation of the 

intermolecular interaction in the FP3-COOH + CO2 system, and 

similar shift was once employed to evaluate the enthalpy of 

association/interaction.
23,28

 Since no exact measurement is 

evident from our present data, the rough estimation about the 

interaction enthalpy between FP3-COOH and CO2 is postulated 

as nearly 20 kJ·mol
-1

. Such a surprisingly big value of 

interaction enthalpy might be the eagerly expected evidence 

for the existence of enhanced attraction between FP3-COOH 

and CO2. It is also inferred that among the interactions 

between C-F/C-O/C=O in FP3-COOH and CO2, the special 

interaction between C-F and CO2 may contribute the most to 

the intermolecular interaction/attraction between the FP3-

COOH and CO2. However, even though such intermolecular 

attraction(s) between the FPn-COOH and CO2 does play a 

significant role to a better solubility of FPn-COOH in CO2, we 

believe that the unique fluorine repulsion among FPn-COOH 

oligomers should also be highly valued.  

 Owing to the biggest electronegativity of F atom along with 

the nearly shortest C-F covalent bond, there must be an 

additional electrostatic repulsion among (the fluorinated 

portion of) FPn-COOH oligomers. Similar fluorine repulsion in 

poly(vinyl trifluoroester) has been reported by Destarac et al.
28

 

We suggest that such fluorine repulsion may distinctly 

undermine or decrease the self-interaction among FPn-COOH 

oligomers, and may definitely improve the accessibility of the 

fluorinated repeated unit of FPn-COOH to CO2 to different 

extents.  

 Briefly, we believe that it is the synergistic effects of the 

increased intermolecular attraction between the FEO and CO2, 

the decreased self-interaction resulted from the effectively 

fluorine repulsion among the oligomers themselves, and the 

specially favorable accessibility of the fluorinated repeated 

unit to CO2 that predominantly answer for the 

enhanced/excellent solubility of FPn-COOH in CO2, as well as 

the lowest PT in the three categories of epoxide oligomer + CO2 

model systems investigated. Based on all the observations 

mentioned above, it is strongly suggested that the FEO 

investigated may be the most soluble species in scCO2 and 

thus may act as the ideal solubilizer or solubilizing chain after 

being transplanted or grafted into some targeted molecules. 

Further investigation concerning the special affinity of 

fluorinated organics to CO2, especially the unique fluorine 

repulsion among a variety of fluorinated organics via both 

experimental way and simulation method is still going on. 

Experimental section 

Materials and apparatus  

Oligomers of propylene oxide (PPO, Mn = 200, 400, 600, 1000), 

oligomers of ethylene oxide (PEO, Mn = 100, 200, 400, 600), 
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acetyl chloride (CH3COCl), dichloromethane (CH2Cl2), pyridine 

(C5H5N) and 4-dimethylaminopyridine (DMAP) are analytical 

purity and used as received. Oligomers of hexafluoropropylene 

oxide with a carboxylic group in one end (FPn-COOH (n = 15 

(Mn = 2500) and 24 (Mn = 4000)) were purchased from DuPont, 

used as received. Oligomers of hexafluoropropylene oxide with 

an acyl fluoride group in one end (FPn-COF, n = 1, 2, 3) were 

intentionally prepared following the similar procedure in our 

previous work.
10a

 Other chemicals employed in this research 

are all analytical purity, and used as received. Methanol 

(analytical purity) was refluxed under magnesium (Mg) 

followed by distilled before used. Carbon dioxide (CO2, 

99.999% purity) and nitrogen (N2, 99.995% purity), were used 

as received.  

 HP ATR-FTIR experiments were performed by using a 

PerkinElmer Spectrum 400 FTIR/NIR spectrometer which was 

supported by Spectrum Software (V 6.3.5, PerkinElmer) for 

data acquisition and processing. The spectrometer was 

intentionally modified by replacing the standard sample 

accessories with a set of specially designed fiber sensor acting 

in attenuated total reflection (ATR) mode, similarly to that 

described in our previous work.
10a

 Every ATR-FTIR spectrum 

was recorded over wavenumbers ranges of 4000-650 cm
-1

 with 

a resolution of 2 cm
-1

 under 20 scans.  

Preparation and characterization of the model epoxide 

oligomers 

 The model oligomers of propylene oxide (PPO-Ac2) and 

ethylene oxide (PEO-Ac2) were prepared via the esterification 

of the corresponding oligomers of epoxide with two hydroxyl 

groups connected to the chain ends. The model oligomers of 

hexafluoropropylene oxide (FPn-COOH, n=1, 2, 3) were 

prepared via the hydrolysis of corresponding oligomers of FPn-

COF. The model oligomer of FP3-COOCH3 was prepared via the 

esterification of FP3-COF with methanol. The oligomers of the 

model epoxides synthesized were characterized with FTIR and 

NMR. The FTIR spectra were measured on a Bruker Tensor 27 

FTIR Spectrophotometer in KBr disks. 
1
H NMR and

 13
C NMR 

spectra were determined on an AVANCE 400 superconducting 

Fourier digital NMR instrument (400 MHz for proton) at 25 
o
C.  

PEO-Ac2 and PPO-Ac2. Typical experimental procedure for the 

preparation of PEO-Ac2 or PPO-Ac2 was illustrated by using the 

esterification of PEO400 with acetyl chloride, and described as 

follows. A three-neck round-bottomed flask, equipped with a 

dropping funnel and a reflux condenser, was charged with 

PEO400 (40.0 g, 0.1 mol), pyridine (15.8 g, 0.2 mol), DMAP (0.2 

g, 1.6 mmol) and CH2Cl2 (70 mL). A solution of acetyl chloride 

(31.4 g, 0.4 mol) in CH2Cl2 (10 mL) was transferred into the 

dropping funnel and added dropwise to the flask in 

approximately 4 h under stirring at 0 
o
C. Then the mixture in 

the flask was heated to 50 
o
C and kept slightly boiling 

overnight. After the mixture was filtered, the filtrate was 

collected, washed (with an aqueous solution of NaHCO3), dried 

and distilled under vacuum to obtain the desired product of 

PEO400-Ac2 (a colorless viscous liquid with a yield of 90%). The 

FTIR and NMR spectra of PEO400-Ac2 and PPO400-Ac2 are 

shown in Fig.s S1 and S2 in ESI, respectively.  

FP3-COOCH3. Caution: The reactor should be carefully dried. 

More importantly, the released poisonous gas (HF) during the 

reaction process should be carefully treated (absorbed).  

The model oligomer of FP3-COOCH3 was prepared via the 

esterification of FP3-COF with methanol, following the similar 

procedure reported by Paleta et al.
20

 The product of FP3-

COOCH3 was characterized via FTIR and NMR. The spectral 

results are shown in Fig. S3 in ESI. 

FPn-COOH (n =1, 2, 3). The model oligomers of FPn-COOH (n =1, 

2, 3) were prepared via the hydrolysis of the corresponding 

FPn-COF with the moisture in air at a room temperature. The 

hydrolysis process was in-situ monitored via an FTIR system. 

Taking the hydrolysis of FP3-COF as an example, the obtained 

in-situ FTIR series of the hydrolysis system are shown in Fig. 1. 

Finally, the targeted FP3-COOH, a colorless viscous liquid, was 

successfully obtained with a yield of approximately 99%. 

Monitoring the solvation processes and phase behaviors of 

oligomer+CO2 system 

Caution: Proper precautions (including but not limited to the 

use of blast shields and pressure relief unit) should be taken in 

such high-pressure experiments so as to minimize or eliminate 

the potential risks of personal injury. The solvation processes 

of the model oligomers of epoxide in gaseous and supercritical 

CO2 were probed using the HP ATR-FTIR following the similar 

procedure presented in our previous work.
10a

 Taking FP2-COOH 

as an example, a typical experimental procedure is described 

as follows.  

 After preheated to a certain temperature (mostly at 

60.0 °C), the view cell of the HP ATR-FTIR was purged with N2 

so as to eliminate the residual moisture and CO2 in the system 

until no detectable IR absorption of possible residuals could be 

observed in a baseline. Then 10.0 mL of FP2-COOH was 

injected into the view cell via a special syringe through the 

inlet of the view cell prior to it was closed, followed by stirring 

with a PTFE-coated magnetic stir bar at a speed of 300 rpm. 

Subsequently, CO2 was charged stepwise into the view cell to 

solvate and disperse the previous injected model oligomer of 

FP2-COOH till the pressure was up to 40.0 MPa. Simultaneously, 

the in-situ FTIR spectral series of the FP2-COOH + CO2 system 

were collected at specified pressure intervals while stirring 

continued throughout the solvation process. The evolution of 

peak position of the vibrational bands was dynamically 

detected in step with the increase of pressure. Followed by the 

absorption band centers of v(C-F), v(C=O) and/or v(C-O) were 

extracted from the initial in-situ FTIR spectra, respectively, and 

plotted versus the pressure of the system. In this way the 

absorption evolutions of the vibrational bands in FP2-COOH + 

CO2 system were sketched, and from which the corresponding 

transition pressure (PT) of every binary system was measured 

(with errors within 0.1 MPa). During the solvation process, the 

Page 8 of 11Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

phase behaviors of the FP2-COOH + CO2 system were directly 

and visually observed through the sapphire windows of the 

view cell. 

Conclusions 

Three categories of fourteen epoxide oligomers with different 

molecular weights were intentionally synthesized. The 

intermolecular interactions between the epoxide oligomers 

and CO2 in gaseous and supercritical CO2 were successfully 

evaluated using a set of high-pressure in-situ ATR FTIR 

monitoring system. Through the dynamically associating the 

subtle variations of the vibrational absorption of the functional 

groups with the detailed evolution of the intermolecular 

interaction(s) during the solvation processes, the 

intermolecular-interaction-dominated solvation behaviors of 

the oligomers in CO2 were excavated and discerned. The key 

role of the intermolecular interactions on the enhanced 

solubility of FEO in scCO2 was established and major factors 

impacting on the molecular interplay between the epoxide 

oligomers and CO2 were systematically evaluated. Whereas 

there are still issues to be explored, the present research may 

be the first example that definitely discloses the fact that the 

FEO investigated possesses the uniquely enhanced solubility in 

scCO2, which are suggested to be the most soluble species in 

scCO2 in view of the specially favorable intermolecular 

interactions as well as the excellent accessibility of the 

repeated unit to CO2 molecule. We firmly believe that after 

being transplanted or grafted into the targeted molecule, such 

FEO may act as the ideal solubilizing chain in developing a 

series of novel fluorinated monomers, ligands/complexes and 

surfactants applied in scCO2 system. Moreover, the developed 

high-pressure in-situ ATR FTIR system is proved to be a 

promising technology to explore the intermolecular 

interactions in scCO2. This research is expected to promote the 

polymerization, catalysis, extraction and other related 

researches/applications in scCO2 systems. 
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The key role of the intermolecular interactions on the enhanced solubility of fluorinated epoxide 

oligomer in scCO2 was systematically discerned. 
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